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AbstrsLct 

A search for the top quark (t) in PP collisions at 、/五==1.8 Te V is described. We consider 
the tt pairs，followed by semileptonoic decays via，redur bosons:tf→、;Y+bW-b 
→ 1112X，where lland l2are electrons or m1Ions-Analysis is based on data with2n 
integrated luminosity of 21.4 pb-1 collected w泊 theCDF detector at Fermilab in tζ 

1992-93 collider run. We observe two eμevents with the total dilepton backgrounds of 

0.56土 0.11events-We also determine山 lowerbound on the top qu批 massto be 
120 Ge V / c2 at the 95% CL. 
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Chapter 1 

Introduction 

Particle physics deals with the study of the fundarnental constituents of matter and the 

nature of the interactions between them. As of today， the Standard Model of particle 

physics [1] with three generations of quarks and lept∞s has provided a successful descrip-

tion of known quarks and leptons. Within this model， the quarks occupy 3 left-handed 

doublets and six right-handed singlets as shown below. 
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The Standard Model predicts the existence of the top quark， but direct searches in 

the collider experiments have so far failed to yield evidence for the top quark. 

We can argue several questions about the top quark: 

• Does the top quark really exist? 

• How strong is the current evidence for the top quark? 

• How do we detect the top quark? 
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It is reported that the top quark must be more lnassive than 91 Ge V / c2， at least 18 

times heavier than any other quark mass1 
. The most interesting question is why the 

top quark is so heavy. But we have no idea why it is heavier. 

This thesis describes an attempt to search for the top quark， performed on data 

taken by CDF collaboration during the 1992・93c:ollider run at Fermilab. The search 

is made by detecting two high Pt leptons in the levent. Th dilepton decay channel is 

the most promising one to detect top， since the backgrounds are relatively small. The 

emphasis is placed on how to separate the signal from backgrounds. 

The remainder of Chapter 1 is devoted to an overview of theoretical prediction and 

current status of the top quark searches and to describing the production and decay 

mechanisms which the Standard Model top quark is anticipated to have. Chapter 2 

briefly reviews the Tevatron and the CDF detector. In Chapter 3， we discuss the Monte 

Carlo data sets to evaluate the accetance for the top quark and to study background pro-

cesses. Event selection tools are described in Chapter 4. Based on these tools， dilepton 

event selection criteria to enhance the top signal is studied in Chapter 5. This section 

also describes the results of the search in our data sample. Chapter 6 is devoted to the 

determination of the detection efficiency for the top quark. Systematic uncertainties are 

also estimated. In Chapter 7 we estimate the background contribution to our selection 

criteria. In Chapter 8 we summarize the top quark search both in the high mass region 

and in the low mass region. We also derive a lower limit on the top quark mass. Chapter 

9 concludes this analysis. 

1.1 Theoretical indication for the top quark 

The theoretical motivation the top quark must exist is that the complete families are 

required for the cancellation of anomalies in the current which couple to gauge五elds.

If the gauge current is anomalous， the gauge theory is not renormalizable. Hence the 

1 Recently， DO collaboration extended the lower bound on the top mass to 131 GeV jc2 [2] 
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partner of the b， T and νァ must exist to complete the third fa凶 ly.

1.2 Indirect evidences for the~ existence oftop quark 

The top quark should exist in the framework of the Standard Model. Evidence for its 

exIstence is quite strong. Experimentally， there are four pieces of data which indicate 

the existence of an SU(2) partner of the bottom quark， i.e.， top quark. 

Theyall come from measurement of the properties of b measons. 

(1) Forward-backward asymmetry in e+e一→ bb

In the Standard Model， the bottom quark is produced in e+ e-annihilation with aforward-

backward asymmetry which is given by 

A~ σ(8 <π/2)一σ(8>π/2) rv一一一3TfTh/M2-
FB一 σ(8<π/2) +σ(8 >π/2) -8 sin2 Bw cos2 8w . Qb(s/Mi -1) 

With T; = Tt = -1/2， Qb = -1/3 and the measured Mz and sin
28， one can expect 

an asymmetry of about -0.25 at a center of mass energy of vs ~ 35 GeV. The JADE 

collaboration has observed an asymmetry of -25.0土 6.5% at the PETRA e+e-col-

lider [8]. In the absence of a top quark， the bottorn quark would be a singlet of weak 

isospin( Tb
3 = 0) resulting in zero asymmetry. 

(2) Upper limit on the savor changing dec:ay b →μ+μ-x 

At the time when only u， d， s quarks were known， Glashow， Iliopoulas and Maiani pointed 

out that the existence of a charm quark (in a same doublet with the s quark) would ex-

plain the experimentally observed extreme supression of flavor changing neutral current 

(FCNC) s→ d transitions (GIM mechanism). It is natural to search for flavor-changing 

neutral currents in the weak decays of the b quark. 

Some nonstandard models predict FCN C in the b decay. Kane and Pe必 n[13]showed 

that thee ratio r( b→ 1+1一+X)/r(b→ lνXmust exceed 0.12， if there were no top quark 

and the bottom quark were a member of a left-han.ded-singlet. This corresponds to a 

branching ratio for b → 1+ 1-X of greater than 1.3 x 10-2
• No positive evidence for FCNC 



in the b decay has been observed. U pper limits on the branching ratio for b→ 1+1-+ X) 

have been set by several groups and the most stringent limit is 1.2 x 10-3 from a CLEO 

search[14]， a factor of 10 below the Kane-Peskin li凶 t.

(3) Observed value of the BO BO mixing 

It was a surprising results t出ha抗tthe observation of n，ωonvaI且n凶l

was made by the ARGUS collaboration [15]. While the UA1 collaboration [16] had 

already observed a positive signal of BO BO mixing the previous year， it could be ascribed 

to Bs mesons; the ARGUS signal was the五rstto point to mixing of Bd mesons. 

The important contribution to mixing is via the box diagrams of Figure 1.1. The 

mixing is usually described by the mixing parameter r which is defined as the ratio of the 

probabilies that an initial BO decay as a BO or as a BO， r=prob(BO→ iJO)/prob(BO→ 

BO
)， where r=O means no凶Xlng.

The mixing parameter rd is given by [17] 

rri = -(sM/r)2 二三二
α2  + (sM /r)2 -2 + x2 ' 

whereムM is the mass difference between weak eigen states of BO and BO and r is their 

lifetime. sM  calculated from the matrIx element for the Bd transition assuming the 

box diagram with a virtual top quark exchange is given by [17] 

ムM = 1/67r
2 
G}Bbfbm;opmb Il'tb l'td・1

2
• 

Note that sM  is proportional to square of the top quark mass， mt叩. The 0 bserved 

large BO BO mixing actually indicates that the top qUlark is heavy. ARGUS reported [15] 

that rd = 0.22土0.08.This value suggests that the top quark mass is larger than about 

50 GeV /c2
• 

(4 )Meaurement of Z → bb width 

The last evidence for the existence of the top quark comes from the precision measurre-
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ment of Z → bb decay width at LEP by ALEPH and L3 [18] which give 

r(z→ bb) = 350土50MeV.

One can calculate the width including the small QCD corretion to be 

and gets 

GFM; 内r(z→ bb) = -r .;:6 (1 + ~S ) [(Tb3 -Qb sin2 BW)2 + (Qb sin2 BW)2]， 
π、/乙 π

r(z→ bb) 381MeVfor Tb
3 = -1/2; 

24MeVfor Tb
3 = 0 

corresponding to whether the b quark is accompanied by a SU(2) partner or not. The 

measured value clearly suggests the presence of a SU(2) partner of b -i.e. the top quark. 

1.3 Indirect constraints on thle top mass 

A number of indirect constraints on the top mass is available. 

The ratio of cross sections for W and Z production with subsequent decay into eνor ee 

is related to the W and Z total width through the formula， 

R=σwBr(W→ ev)一 σw日W → ev)rz 
一

σzBr(Z→ ee) σz r(z→ee) rw 

The measurement of the ratio R allows us to set a lower limit on the top mass， independ 

of its decay modes. The width of the W (rw)， which depends on the top quark mass， 

can be extracted from the ratio. The first two terms are predicted by QCD， and a large 

fraction of the uncertainties cancel in taking the ratio of the cross section. The width 

of the Z is precisely measured by LEP. We find that Mt叩 >45(49)GeV/c2 at 95(90) % 

confidence level [19]. 
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Measurements of low-energy neutral current parameters and vector boson masses are 

sensitive to the top mass via one-loop radiative corrections in the Standard Model. The 

relation between the electroweak parameters can b(~ expressed [20] as 

一
川
町

A
一1

一川町
一一w

 

nσ π
 

where A = (7ra./、I2Gμ)1/2，sin2Bw 1 - M.品/Mi~ andム7・isa radiative ccorrection 

involving， among other parameters， the unknown top mass and the Higgs mass. The 

upper bound on the top mass is estimated to be 150-250 Ge V / c2 [9]. 

We can see that there are a number of parameters within the Standard Model which 

have some dependence on the top mass. Thus by cOlnbining all of the measurements with 

the theoretical analysis of their dependences on the top mass， it is possible to extract 

predictions for the allowable range and most likely value for this parameter. Several 

groups have reported the mass range and global i1ts to recent precision electroweak 

measurements yield a favored mass of Mtop = 164~iどお GeV/c2 [11] 

1.4 Previous Searches 

Direct searches in the collider experiments have so far failed to yield evidence for the 

top quark. We describe these searches at e+ e-and jOp colliders. 

1.4.1 Searches at e+ e-colliders 

In e+ e-colliders， charged particles of mass up to the energy of the beam can be produced 

in pairs. Thus we would expect to observe charged quarks with mass up to the highest 

energy available， until recently at LEP. 

An electron and a positron annhilate into quark and antiquark pairs. The hadron 

cross section， relative to the μ-pair cross section give:n by 

R=σ(e+e-→hadrons)/σ(e+e一一→仰)= 3 L e:， 
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where ei are the charges of quarks and the factor of three comes from three colored 

quarks. This R value means just the sum of the squares of the quark charges times the 

number of colors in the final state. For the cente:r of mass energy > 10 Ge V， all the 

known quarks are included in the sum， 

R 3(〈+e;+〈+〈 +e;)

3 (4/9 + 4/9 + 1/9 + 1/9 + 1/9) = 3.66 

A plot of measured R value is shown in Figure1.9. It is clear from this五gurethat the 

ratio is essentially constant in between thresholds for production of new heavy quarks. 

An increase in the hadronic cross section at the threshold for production of a new 

generation of quarks: for top quarks， et二 2/3one should observe sR=4/3j 

The process Z → tt is an excellent way to look for the light top quark， and the 

large number of Z's allows the LEP experiment to exclude a top quark mass less than 

46 GeV /c2 at 95% con五dencelevel with little dependence on the top decays. 

1.4.2 Searches at pp colliders 

The proton-antiproton collider experiments at CERN and Tevatron give us a unique 

oppotunity and have played a major role to search for the top quark because of its large 

center of mass energy. 

Searches at SppS 

The五rsthadron collider search was made by U A1 at SppS [21]. U A1 explored a top 

quark mass range above 40 GeV/c2， where pp→ W → tb is more important than the 

strong production channel atゾー=630 GeV. Top searches by UA1 have been performed 

using the μ+  jets and μμchannels. 

The μ+  jets selection applied on the 1988・1989data required an isolated muon with 

transverse momentum P!J. > 12 Ge V / c2 accompanied by at least two jets with transverse 
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energies Efet1 > 13 Ge V and Efet2 > 7 Ge V. A transverse mass 2 cut of M!fvく60GeV /c2 

is used to reject backgrounds from W → μνproduced in association with jets. After 

selection， the main backgrounds for top are muons from the semileptonic decays of heavy 

flavors in bb and cc events， and from the decay in flight of kaons and pions. Four variables 

are used to distinguish the top signal from from backgrounds. (i) An isolation variable， 

I 三ゾ(~ET/3)2 + (乞PT/2)2 ， where the sum runs over all calorimeter cells and tracks in 

a cone of radius R=0.7 3 surrounding the muon. (五)The muon transverse momentum， 

PJj.. (iii) The missing transverse energy， ~T . (iv) The azimuthal separation between the 

muon and the leading jet，ムゆ(μ -jet1). 

Muons from bb and cc are produced inside or near jets and are not isolated while 

muons from very heavy quark decay are usually well sjeparated from the jets and therefore 

isolated. N 0 excess of isolated muons is observed in the U A1 data. 

For improved sensitivity， all four variables are combined in a 'likelihood' variable : 

L = rr Ptop(Xi)/ Pbot(.Xd， 、‘‘，，，，
唱

i
噌

i
，，E
E

‘、

where PtoP(Xd and九ot(Xi)are the probability density functions of the variable Xi for 

top signal events and for bb and cc background events， respectively. After a final cut 

of ln( L) > 4， only 2 events remain in the data while 2.8士0.8events are expected from 

bb， cc and decays in flight. A total of 6.2 top events (4.1 from tb and 2.1 from tりare

expected for Mtop = 50 Ge V / c2
• From the μ+  jets analysis ， a 95 % CL lower limit of 

Mtop >52 Ge V / c2 is obtained. 

The U A 1 search in the μμchannel required one isolated mωn with P!j >8 GeV /c， 

a second non-isolated muon with P!j >3 Ge V / c and at least one jet with E~et > 10 Ge V 

to search for W →tb. Again， no top signal was found and the data were consistent with 

2The transverse mass variable is defined as M!j.v = V2P#1T(1 -cos tlo川 with1T the missing 
transverse energy in the event， andムo".Vthe azimuthal sep.aration between the muon and missing 
transverse energy vectors. 

3R is a distance measured in pseudorapidity叩 muthspace (radians). R三J(ムη)2+ (tlo)2.η= 
-ln(tan(8/2)).8白 theangle to the proton direction. 
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expected backgrounds， predominantly from b-quark and c-quark production and decays 

in fiight. The μμchannel alone excludes M top >46 Ge V / c2 at the 95 % CL. 

U A1 has combined the 1988・1989searches in the μ +  jets and μμchannels with 

previous searches from 1983・1985in the e + jets，μ+  jets， and μμchannels. The 

combined U A1 limit is M top >60 Ge V / c2 at the 90% CL. 

The U A2 collaboration has looked for semilepton.ic decays of the top quark in the e 

+ jets channel [4]. The UA2 e + jets selection required an electron candidate with Ef 

>12 GeV， missing transverse energy ~T <15 GeV， and at least one jet with Efet >10 

GeV. To reduce misidentification backgrounds， even1~s with the electron back曲 to-backto 

the leading jet were rejected. The major background after these cuts is from high PT W 

events produced in association with jets. The transverse mass of the electron-neutrino 

system 

Mr=ゾ2Ef$T(1-cos ACTev) ， (1.2) 

is used to distinguish a possible top signal from the W + jets background. The transverse 

mass distribution for the U A2 data was found to be consistent with expectations from 

W boson decay alone. The top quark would manifest itself as an excess of events in the 

low transverse mass region. The absence of such an e:xcess in the U A2 data implies that 

Mtop >69 Ge V / c2 at the 95% CL. 

Previous searches at CDF 

The五rstCDF top resu1ts came from searches in the e + jets[5] channel and in the eμ[6] 

channel. The search in e + jets， similar to the U A2 analysis already described， employed 

the transverse mass variable to discriminate between top events and the dominant W + 

jets background. A limit of Mt叩 >77 Ge V / c2 was obtained. This method is no longer 

useful when Mtop approaches Mw， in which case the transverse mass distributions are 

very similar. 

The eμsignature requires the presence of an electron and a muon with opposite 

electric charges， each with transverse momentum above the threshold p;in = 15 Ge V / c2 • 
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There is one event in the top quark signal region. Given one candidate event， a 95%-C.L. 

the lower bound on the top mass of 72 Ge V / c2 was obtained. 

A straightforward extension of the eμanalysis is to also search for top in ee and仰

events[7]. Dielectron and dimuon events were selected by requiring PT > 15 GeV /c2 for 

each lepton. A simple mass cut around the Z peak rel[llOVeS most of the background from 

Z decays. After the mass cut， the signal to background ratio is improved by requiring 

missing transverse energy $T > 20 GeV. Also， events with back-to-back or collinear 

dileptons are eliminated by requiring the azimuthal opening between the leptons to be 

in the region s1+l- < 1600
• After all cuts， there are no ee or μμevents remaining in 

the data. With only one eμevent observed， the limit from the eμ， ee， and μμchannels 

together is Mtop > 85 Ge V / c2 
• 

Finally， CDF has looked for additional low PT muons in the e + jets and μ+  jets 

samples. The low PT muon in the event is employed. as a possible tag of the bottom 

quark in the chain t → b → μ. N 0 candidates were: found. The result of the low PT 

muon search combined with the previous dilepton sea.rches extends the CDF top quark 

mass limit to Mtop > 91 Ge V at the 95%-C.L. 

1.5 Heavy quark production a.nd decay 

1.5.1 Production 

The parton model describes succesfully the hadronic cross section involving a large 

momentum transfer. We assume that any physically observed hadrons are made up of 

constituent particles， "partons"， which we identify with quarks and gluons. At high 

energy， the masses of partons are neglegible compared to the scale of Q of the hard 

scattering. A schematic view of a pp collision is shown in Figure xx. In this picture the 

scattering occurs between partons that are treated as quasi企eeparticles inside hadrons. 

10 



The parton model cross section is given by the formula 

σ =乞/ぬ仇

The momentum distributions of the initial partons are represented by a set of parton 

distribution functions !i， which gives the probability for五ndinga parton of type i inside 

the hadron carrying a fraction X of the hadron's total momentum. The subscript i and j 

indicate the type of the incoming parton. The sum e:x:tends over all parton cross sections 

rfij contributing the process. The parton cross section is evaluated at the parton center 

of mass energy vs through the relation S=Xl X2S・Theyare calculable with perturbative 

QCD and are expressed as an expansion in the coupling constant αs・

In the lowest oder (a;)， the proce悶 sare qua止叩tiquarkannihilation and gluon-

gluon fusion: 

g+g → Q+Q 

q+q→ Q+Q (1.3) 

The Feynman diagrams for these processes are shown in Figure 1.3. Two important 

kinematic consequences of the leading order processes are (1) the quark and antiquark 

are produced back-to・backin the parton-parton center of mass frame and remain beck-

to-back in the plane transverse to the colliding bea.m and (2) the heavy quarks are 

emitted with an average transverse momentum of about the half of the quark mass. 

The issue of higher order QCD corrections is important in heavy quark production. 

The splitting of a final state gluon from gg→ gg， into a pair of heavy quark (g→ QQ) 

occurs with only a small企actionof oder rvαs(m2
) of the time. However， given the 

large cross section of gg→gg， it can be a competitive quark production proceess. This 

process (gg→ gQQ) and other 2→ 3 processes of 0吋erα~ ， as well as the α3part of 

the 2→ 2 processes of 1.3 have been calculated by Nason， Dawson and Ellis [25]. The 

following parton sゆ processesare included in the calculation up to order a~: 

11 



q+q→ Q+Q 2 _.3 
αs，αs 

g+g → Q十 Q αs2，α3 s 

q+q→ Q+Q+g Ot~ S 

g+g → Q+Q+g GI3 

g+q→ Q+Q+q O!~ S 

g+q→ Q+Q+q O!~ S (1.4) 

The theoretical cross sections depend on thee different input quantities: parton dis-

tribution functions， choice of renormalization and factorization scale μ， the choicee of 

running cou pling αs (or equivalentlly， the choicee of 1the QCD parameter A， since αS IS 

a function of μ/ A)， and the mass of the heavy quark. . 

The corections affect the tt production cross section. Due to the large uncertainties 

in the gluon structure function at small a together with contributions to the total cross 

section from gluon-gluon diagrams， total cross sectioIlL is quite uncertain. 

Since the top quark is now believed to be heavier than the W， a dominant production 

process is the tt pair creation by gluon-gluon fusion and qq annihilation. Above a top 

mass of about 100 Ge V / c2， qq annihilation is expected to be the dominant production 

source. 

In order for the experiment to compute the number of tf events expected， or to set 

the lower bound on the top mass， it is important to have a good central values for the 

production cross sections as well as estimation of systernatic uncertainties. Cross sections 

have been calculated within QCD at the full NLO [25]. Recent work has extended those 

results with the inclusion of clases of higher-order diagrams dominated by the emission 

of multiple soft gluons[26]. 
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1.5.2 Fragmentation of heavy quark 

After a heavy quark is produced， it 'fragments' or 'hadronizes' into a hadron containing 

its flavor， and some softer， light-flavored hadrons. 

The fragmentation function Dff of a heavy quark Q into a Q-flavored hadron H de-

scribes the probability that the hadron carries away a fraction of the quark's momentum 

between z = PH / PQ and z + dz. A softer fragmentation (i.e. the hadron carries away 

less of the quark 's momentum) will result in more a~ccompanying hadrons with higher 

energies. Heavy quark fragmentation is modeled with the Peter 

n!! = N H -
Q -z[f=-(1/ z)一εQ/(l-z))2 

(1.5) 

where N is a normalization constant and the Peterson parameter εis proportional to 

1/M.ふThePeter 

me叩ntat北tiondata， as is seen i泊nf五igure1.6. 

In the spectator approximation， the heavy quark contained in the hadron is assumed 

to decay independently of the other constituents， since the energy released by the quark 

is much bigger than the typical quark binding energies. 

1.5.3 Decay of heavy quark 

The expe出nentallower limit of 91 Ge V / c2 on the top mass is valid so that the top 

quark decays into a bottom quark and a charged intermediate vector boson (t→ Wb) 4 

in the rninirnal Standard Model. In the limit in which Mtop >mw the width is given by 

GFMro 
r(t→ bW)=J|Vtb|2勾 1701 Vtb 1

2 (竺T?
87r、/2 'mw 

MeV 

4Decays into a strange quark or a down quark is possible: t →W s or W d. But according to the 
Kobayashi-Maskawa theory， the top decay rate into these two quarks are too small to detect， because 
KM matrix elements vt， (r， ，....， 0.0025) and vtd (r d ，....， 10-4) ar1e very small compared to vtb， which is 
close to 1. 
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When the top quark is so heavy that the width becomes bigger than a typical hadronic 

scale. The top quark decays before its hadronization so that the meson are never formed. 

The two W bosons subsequently decay either to a lepton and a neutrino or a quark 

and an antiquark while the b quarks hadronize to a jet. The branching fractions for the 

different decay modes are listed in Table 1.1. The tt decays can be characterized by the 

decay mode of the五nalstate W+W-pair. The branching ratio is given by counting 

over the decay modes e円 μνandiV  and three colors of ud and C8. with roughly equal 

probability for a total of nine possible final states. The brancing ratio for each mode is 

thus 1/9. 

Most often both W bosons will decay to a quark-antiquark pair， leading to a fully 

hadronic五nalstate. While this happens for about 44%1 (6/9x6/9) oftt decays， thereis a 

huge background from all other QCD multijet production processes， making separation 

of the tt signal from the background extremely diffic~t. If one requires that at least 

one of the W+W-pair decay leptonically， the backgrounds are substantially reduced. 

Because of the difficulties associated with identifying i leptons， the backgrounds are 

reduced further if the lepton is restricted to be either an electron or a muon. When 

just one of the W bosons decays to an electron or muon， the final state includes a 

high transverse momentum charged lepton， a transverse momentum imbalance from 

the undetected neutrino， referred to as missi句 EToI' $T， and four or more jets from 

the hadronized quarks. This 'lepton + jets' mode occ:urs about 30% (2/9x 6/9x2) of 

the time and the background comes predominantly from higher-order production of W 

bosons， w here the W is reco出ngagainst significant jet activity. the rate is about 2 

to 10 times larger than the tt rate， depending on the top mass and the jet selection 

requirements used. 

Dilepton events with leptons coming directly from the decay of the W would have a 

probability of 1/9 x 1/9. Thus ee， JLμ， and ii all occur with the same rate. For an eμ 

event， since there are two choices for w hich the W decays to e or μ， a branching企action

is 2/81. Hence， we would expect the branching ratio of dilepton events (ee，μμor eμ) is 

14 



Decay mode Branching ratio 

tt-→ q奇lbqqlb

tt-→ qqlbevb 12/81 

tt一→ q奇lbμνb

tt -→ qqlbTVb 

tt -→ evbμνb 

tt-→ eνbrvb 

tt-→ J.LVbTνb 

tt-→ evbevb 

tt -→μνbμνb 

tt -→TvbTVb 

Table 1.1: Decay modes for a tt pair and their branching ratios (to lowest order) assuming 
charged-current decays. The symbol q stands for a light quark: u，d，c，s. 

about 5%. 

1.5.4 Signature 

One expect event con五gurationsconsisting of two leptons， missing transverse energy and 

as many as two additional two jets. The dilepton signal originates from WW， Wb， bb， 

WT and TT. Here b denotes both b and c quarks， and T denotes tau-daughters of a W 

decay. Most of the top acceptance， about 80 % for the top mass in the range of 90・160

Ge V / c2， comes from the WW  case. Contributions from other cases， with leptons coming 

from the decay of b or T-decays are also included in the acceptance. 

Background contribution to the seelected candidates is as follows: 

• bb( cc) production followed by semi-leptonic decay of both b( c) quarksj 

• z →TT， followed by the decay of 内 intoe or μ; 

• Drell-Yan production of lepton pairsj 

• diboson productionj WW  and WZ 

• lepton misidenti五cationin generic multi-jet QCD events aand in events containing 

W +jets， conversions and decays in血ght.
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1.6 Collider Run 

The Fermilab Tevatron collider resumed operation 011 May 12， 1992， when it started 

delivering pp collisions to the CDF detector. Comissioning the detector with beam 

lasted from May to A ugust in 1992 and we showed that the detector was well on the 

way to achieving good quality data. With the start of the physics run in August 1992， 

the attention was turned to obtain the physics results， especially to search for the top 

quark. The 1992-93 collider run was successfully completed in July 1. During the run， 

the Fermilab Tevatron achieved a peak luminosity of 9.22 x 1030 (cm ・sec)w hich is 

nearly a factor of two larger than was planned for this run. For one year operation 

the Tevatron delivered an integrated luminosity of 25 pb-1， with CDF recording 21.4 

pb-1on tape， more than 5 of the data sample from the last run. This was achieved 

with an average initialluminosity of around xx. The detector operated with almost 80% 

efficiency during the time. 
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Figure 1.3: Lowest order Feynman diagrams for heavy quark production. 
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Figure 1.4: Feynman diagrams for a) gluon splitti時 andb) flavor excitation. 
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Chapter 2 

Apparatus 

2.1 Tevatron 

Fermilab is a national laboratory devoted to search in high energy physics and is the 

site of the world 's largest proton accelerator. The beams used in the experiment are 

produced by protons accelerated through a series of accele:rators， the last of which is the 

Tevatron， which raise the energy of both protons and antiprotons from their rest energy 

of 938 Me V to a final energy of 900 Ge V. 

The accelerator process begins with a H-sourrce which is raised to 750 ke V by 

Cockcroft-Walton electrostatic accelerator. They are then transported to and injected 

into the Linac which increases the kinetic energy to 200 MeV. Upon entering the booster 

a thin foil is used to strip the two electrons from the H-ion yielding a bare proton. The 

protons are then captured by the magnetic field of the booster. The booster is a rapid 

cycling (15 Hz) alternate gradient synchrotron which raise the proton kinetic energy to 

8 GeV. From the Booster the 8 GeV protons are transpolLted to the Main Ring where 

the energy is raised to 150 Ge V total energy. The protoDLs are coalesced into a bunch 

before they are extracted from the Main Ring and injeected into the Tevatron. The 

Teevatron is a large (radius = 1k民 thesame as the Main E町ilin時g)川(ar且n凶l

constructed from s叩uperc∞onducti泊ngmagnet臼s.A bunch of protons from the Main Ring is 
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injected into the Tevatron and stored there at 150 GeV. 

150 Ge V protons are focussed into a beryllium target to produce p's of approximately 

8 Ge V / c momentum. The p's are then focussed and collected into an Accumulator at 

a rate of 2 x 1010 p's/hour and cooled to produce a typical monoenergetic p stack 

of approximately 2 x 1011 particles. In succesive main ring cycles， six proton and 

six anti-proton bunches are transfered to the Tevatron ring. Finally the bunches are 

simultaneously accelerated to 900 Ge V in the Tevatron. The protons and anti-protons 

are collided at the BO intersection. To observe processes with small production cross 

sections， a large number of pp collisions must be occur. A useful measure of collider 

performance is the luminosity L defined by the relation， 

N = Lu， 

where N is the number of events produced per second for some五nalstate，σis the 

cross section for a given reaction (cm2) and L is the luminosity in units of cm品一→2• se“c-2 

The luminosity 'can be expressed in terms of the properUes of the colliding p戸roωtonand 

anti-proton bunches in the TI百e刊 t仕ro叩n.

ηA・，."，."N."Nn
L=L-Hbk y ヘ

where fr is the revolution frequency of the beam， Np( Np ) is the number of the protons 

(anti-protons) in each bunch，πis the number of bunches and A is the effective cross 

sectinal area of beam overlap. 

2.2 The CDF Detector 

The collider detector is expected to perform a wide rang1e of measurement. To begin 

with， we briefly describe the feature of the detector at the hadron collider. For a general 

purpose detector it is necessary to measure leptons and hadrons over a large range of 
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momenta. Quarks and gluons are observed as jets， and neutrnos， which escape detec-

tion， are rneaasured as the missing energy. The nature of pp collisions places general 

requirements on the detector design. 

The detector should be a calorimetric detector. Good energy resolution， containment 

of particle showers and the absence of cracks are necessary to eliminate fake sources of 

rruss1ng energy. 

The CDF is an azirnutalY and forward-backward sylnrnetric detector designed to 

study the physics of pp collisions at the Fermi N ational Accωel抗e白r(FNAL) T，百Te、冶eva山L

Event analysis is based on charged-particle tracking， magnetic-momenturn analysis， and 

finely segrnented calorimeters. 

We expected the higher luminosity for the run， so the detector was upgraded to be 

able to tolerant the higher luminosity. 

The CDF coordinate systemis shown in figure . Its origin is at the center of the 

detector. The Z axis is de五nedas the same direction as rnotion of the proton beam， 

from West to East. The y-axis points vertically upward， and the x-axis points radially 

out of the Tevatron ring， so as to make a right handed coordinate system. The azirnuthal 

angle phi is set to be 0 on the positive x-axis and increasles frorn positive x to positive 

y. The polar angle is measured from the proton bearn direction. Instead of theta， we 

use the pe吋 0・rapidityη =-log(tα叫8/2)).The event vertex position can be shiffted 

along the bearn line and has rms width of approximately 30 cm. We will refer to both 

1J's which are detector pseudorapidity TJd for an origin chos:en at the geometric center of 

the detector and event pseudorapidityηfor n origin chose:n at the event vertex. 

2.2.1 Beam-beam counter 

The bearn-beam counters consist of two planes of scintillating plastic located in front 

and in back of the central calorimeters. Each plane of c:ounters covered the angular 

region 0.320
く84.470

• This provides a monitor of the luminosity. 



2.2.2 Tracking 

The CDF tracking system covers the angular range rv80 to rv 1720 in polar angle (1 cos () I 

<0.99) and is contained within a 1.5 T axial magnetiic fi.eld. Three dimensional track 

reconstruction is a vaila ble in the range 25 0 to 155 0 in polar angle( I cos () I < 0.91). The 

tracking detectors consist of two separate systems: an inner radius system of 

Veretx chamber 

Due to space charge distortions in the drift region， the Vertex Time Projection Cham-

ber operated during last run was inoperatble at L >3x 1030， so it was replaced for this 

run to able to withstand the higher luminosity and， in addition， to make space for the 

SVX. A vertex chamber(VTX) surrounds the beam pipe a:nd extends土1.4m along the 

beam line from the interaction point. This chamber measures charged parrticle tracks 

in the r -z plane to within 3.50 of the beam line. The interaction vertex of of the pp 

collisions is reconstructed with an rms resolution of 1 mm  in the z direction. This vertex 

is used as the origin in com pu ting the transverse energy (ET = ET山())deposited in 

each calorimeter cell. The distribution in z of reconstructed vertices in dilepton events is 

shown in Figure 2.4 and is well described as a gaussian mean・2.0cm and width 29.5 cm. 

This spread in vertices re:flect the convolution of of the proton and antiproton buncches 

in the collider. The VTX is also used to detect photon cOIlversions. 

Central Tracking Chamber 

The central tracking chamber (CTC) surrounds the VTX:. The CTC was designed to 

measurre charged particle tracks in the r - <t plane to determine their curvature in 

the magnetic五ealdand thustheir momenta. The CTC has 84 layers of wires grouped 

together in nine "super1ayers" as shown Figure 2.7. The nine super1ayers are subdivided 

into measurement cells. Five superlayers have 12 sense wires per cell， parallel to the 

beam direction. These axial layerss are used for the preliminary determination of the 

track curature. In the other four super1ayers， each cell has six sense wires within a 

3
0 
stereo angle to provide information necessary to determine the polar angle of the 
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tracks. The cells in a1l suoerlayers are tilted at a 450 angle with respect to the radial 

direction to compensate for the Lorentz angle of electron dlrift in the magnetic field. This 

a1lows electrons to drift azimutha1ly(in the ideal ca民)， simplifying the time-to-distance 

rela tionshi p. 

The momentum resolution of the CTC is dPT/ PT = 0.0011pT (py in GeV /c) for iso-

lated tracks by requiring that a track intersect the beam at the beam position point(beam 

cons紅白川. Complete tracking information is only available for 400
く()> 1400

• Tracks 

outside this angular region do not pass through a1l laayell"s of the chamber and conse-

quently have a poorer momentum resolution. 

2.2.3 Calorimetry 

The CDF has three calorimeter systems: central， plug amd forward regions over the 

region IηI <4.2. Each section has a tower structure of a.n electromgnetic calorimeter 

and a hadoronic calorimeter. In the central region( IηI <1.1) a lead-scintillator sampling 

calorimeter 18 radiation lengths deep provides electromagnetic shower detection. This 

central electromagnetic calorimeter (CEM) is segmented into 150 wedges in the azimuthal 

direction， with each wedge consisting of ten projective read out towers numbered from 0 

to 9， where tower 0 is at 900 polaar angle. The size of a central tower is approximately 

Aゆ×ムη=150 x 0.11. 

A set of proportional wire chambers is located in the CEM at a depth of six ra-

diation lengths to meaasure the position and shape of electromagnetic showers. These 

central strip chambers(CES) have wire and cathode strip readout providing independent 

reconstruction off showers in the z and azimuthal views.The resolution on the position 

of shower centroids from 25 Ge V / c elecrons is I'.J 2.5 mm  for both views. 

Measurement of hadronic energy in the central region is provided by the central and 

end-wall hadronic calorimeters(CHA/WHA). The CHA/WHA has aapproximately the 

same geometry and segmentations as the CEM and covers the same region of pseudora-

piむty.The energy resolution is σ(E)/E = 80%/¥1包子
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In this analysis the central and plug calorimeters were used to identify electron 

and jets， and the missing transverse energy (which will be defined in Section 4.5) was 

computed using the full calorimeter out to 1η1 <3.6. 

System ηrange Energy resolution 

CEM |η|く1.1 13.5%/J~T $ 2% 
PEM 1.1 <1η1 <2.4 28%/y'耳$2%
FEM 2.4く|η|く4.2 25%/.JET $ 2% 
CHA |η|く1.3 75%/ ý']~T $ 3% 
PHA 1.3 <1η1 <2.4 90%/ゾE~T/ $ 4% 
FHA 2.4 <1η1 <4.2 130%/ゾE~r/ $ 4% 

Table 2.1: Summary of calorimeter properties. CE~M(CHA) ， PEM(PHA) and 

FEM(FHA) denote the central， plug and forward EM(HAD) calorimeters. The sym-

bol $ signifies that the constant term is added in quadrature in the resolution. 

2.2.4 Muon chamber 

Muon chambers are located behind the centra叫1ca叫lorimetersat a radius of 3.47 m. 

there are approximately f五ivehadron凶lIcabsorption length of material between the muon 

cl 

く0.63(伊5“560 <() <1240刊oつ).There is a gap between neiboring chambers at the boundary 

at "1=0 of about 6"1=0.05. A 2.40 gap inゆbetweenadjacent 150 calorimeter sections 

also is not covered. The four layers of drift cells in a muoll chamber provide the three-

dimensional reconstruction of tracks via single-hit time-to-digital converters (TDC's) in 

the transverse direction and charge division in the longitudinal direction. A drift reso-

lution of 250μ(ゆ)and a charge division resolution of 1.2 :mm (z) are determined from 

cosmic-ray studies. 

Central Muon Upgrade 

The original CDF Central Muon detector(CMU)， which covers the pes吋 orapidity四
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gion Iη|く0.6，has been complemented by the addition of the 4 layers of drift tubes 

behind 2 feet of steel resulting in a total of 8 absorption le:ngths. Qnly muon candidates 

with PT above 2.5 Ge V / c2 are expected to be able to rea.ch the CMP chambers. As a 

result， hadronic punch-through backgrounds to the muon signal have been considerably 

reduced by requiring hits in the CMP chamber. 

Central Muon Extension (CMX) 

We have added layers of drift tubes outside the calorimeter in the pseudorapidity region 

of 0.6 <1η1 < 1.0. The coverage inゆis80 % and the cb.ambers are located behind 6 

absorption length of calorimeter. This increases the muon coverage in CD F by 50 %. 

2.3 Trigger 

Events are selected in several stages. The first two levels are used to reduce the rate 

of events to a manageable level before writing to tape. Level 3 reduces the number of 

events to be reconstructed in order to economize on computing time. 

The CDF trigger system has three levels of hardware triggers fol1owed by a soft-

wa吋Level3) trigger that 凶 lizesa farm of processors ru:nning ofHine-like algorithms. 

These triggers require the presence of an inelastic pp collision， signaled by a coinci-

dence between two scintillator counters located along the beam pipe at the forward and 

backward regions. 

Scintillation counter arranged in a rectangle around the beam pipe and covering 

the angular interval from 0.30 to 4.5 0 and from 355.50 to 359.70 provide a "minimum 

bias" trigger， which is satisfied if at least one scintil1ation counter on each side of the 

interaction region is above threshold within a 15・nswindow centered on the beam-beam 

crossing time. Events satisfying this trigger are then cOllsidered by the higher level 

trigger logic. 

At Level 1， a simple but fast decision to reject the Dlajority of events are made 
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before the next beam crossing. For Leve12 a more complex decision based on identifying 

"physics" objects. The detector is dead for several crossing wrule trus decision is being 

made. The Level 3 trigger is a software filter that is part of the online data decision 

path and runs a subset of the event reconstruction code and physics algorithms. Events 

that survive the Level1 and Level 2 hardware triggeres are passed to Level 3 for a more 

detailed analysis before being accepted or rejected. The decision was made with Silicon 

Graphics processors using the UNIX operating system. The五nalstage after the trigger 

selection is the ofRine reconstruction. 

Leve13 was running the equivalent of ofRine production， therefore all the information 

on electron objects(ELES) and muon objects (CMUO) are available at level 3. At Level 

3， Detector is read out completely. 

2.3.1 Electron trigger 

The hardware trigger system is designed to use the projective nature of the calorimeter 

towers along with a fast two-dimensional hardware track fi.nder， called the ceentral fast 

tracker (CFT). Trigger towers have a width of 0.2 in pseudorapidity and 150 in azimuth， 

mapping the detector into an array of 42 (inη) by 24 (inゆ)in both electromagnetic 

and hadronic calorimeters. Electron candidates are triggered on using calorimeter in-

formation that requires a signi五cantlocalized deposite of energy in the electromagnetic 

calorimeter with little leakage into the hadron compartment berund it. Further rejection 

can be obtained by requiring a sti:ff track pointing at the c1uster. 

Level 1 

The first level trigger used information exclusively from the calorimeters and required a 

single trigger tower with ET more than 6 Ge V for the CEM， or ET more than 8 Ge V in 

any region of the calorimeter. 

Level2 

The central electron trigger requires an energy cluster with ET >9.2 Ge V， together with 

an aassociated CTC track with transverse momentum PT >9.2 Ge V / c as measured by 

33 



the CFT. The plug electron trigger simply requires either an energy cluster with ET 

>20 GeV or ET >15 GeV and $T >15 GeV. The ratio o:f hadronic to electromagnetic 

energy in the cluster (HAD /EM) is required to be less than 

Level3 

The central electron trigger at level 3 requires that the reconstructed cluster energy ET 

be above 18 Ge V and that there be a reconstructed track with PT > 13 Ge V / c pointing 

to the cluster. The plug trigger requires the reconstructed ET is required to be above 

20 GeV with ~T >20 GeV. 

2.3.2 Muon trigger 

Level 1 

The leve11 trigger ws based solely on the muon chamber in:formation. condition requires 

that hits from a track form coincidence in two of the four layers of the chamber within 

a time window determined by the PT threshold， as shown in the following equation: 

M仇 (1t4 - t2 1， I t3 - t1 1)くtmax，where I t4 - t2 I and I t3 - t1 I are the time difference 

equivalent to the PT threshold preset. The PT is measured by using the constraint 

thaat the track had to originated at the beam line and knowing the line integral of the 

magnetic field traversed by the particle. PT of the muon track segment in the CMU 

with PT >6 Ge V / c in coincidence with hits in the CMP was required. 

Level2 

The level 2 trigger condition is that a match between a CFT track in the T - 4J plane 

with PT >9.2 Ge V / c and a track segment in the muon chambers which is de五nedas a 

level 1 trigger. The hits in the CMP chambers is used to confirm a trigger in the CMU 

chambers if the CMP chambers are available. 

Level3 

The level 3 muon requires a match better than 10 cm in T --ゆbetweena reconstructed 

track with PT > 18 Ge V / c which is extrapolated to the radius of the muon chambers and 

a track segment in those chambers. In addition， the energy deposited in the associated 
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CHA tower must be less than 6 Ge V. 

2.3.3 OHline reconstruction 

Since the last run(1988-89)， all of CDF's ofRine reconstruction codes was ported to 

UNIX(both Silicon Graphics and IBM)， enabling us to run the ofRine code as part of 

the level 3 trigger. 

Large fraction of the 1992 code is new for new detectors and many changes to the 

reconstruction code for existing detectors were made based on the data collected in the 

last run. A data compression scheme is introduced to accomodate the laarge size of the 

data set. 

Full reconstruction of all CDF data is completed within two days of data taking， 

using 1000 MIPS from a Silicon Graphics farm ， while approximately 5-10 % of the 

data， including the most interesting events， are reconstructed and available within a few 

hours of data taking. 
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~igure 2.7: Layout of wires at the end of the central tracking chamber (CTC) showing 
the disposition of the superlayers and cells within the superlayers. 
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Figure 2.9: The arrangement of the four plates of central muon chambers in a view along 

the beam direction. The drift times t2 and t4 are used at the trigger level to determine 
a muon momentum cuto:ff. 
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Chapter 3 

Monte Carlo Simulation 

The tt events must be analized with a help of the Monte Cado generator containing the 

theoretical information， and an event simulator which can take into account the finite 

acceptance of the apparatus， and the variations in e侃cienciesacross the detector due to 

the device and the trigger. Monte Carlo programs are used to generate and simulate PP 

interactions， giving list of four-vectors for all the stable particles produced. 

We have used the ISAJET Monte Carlo generator to ~ca.lculate the tl acceptance 

in experiment. This is also used to estimate backgrounds t.o top signals， for example， 

the background irom bottom and charm. The momenta oi the partons which enter 

the hard scattering interaction are determined by the structure iunction(EHLQ set 1 

parameterization[31]). The matrix element for the hard scatt~ering is calculated to O(α~) ， 

taking Q2 = 2';仏/(';2+ i2 + u2
). QCD radiation is then i泊ndl吋 edusing the branching 

approximation[32]. QCD radiation from the inco出 ngand outgoing partons is simulated 

iteratively， so that parton showers are generated. The partolls which originate from the 

hard scattering diagram are generally 0π'-shell. At each branching point， the partons 

move closer to their on-shell masses. A cut-off parameter is used to truncate the shower 

development; for instance， ior gluons， the branching process Is stopped when the virtual 

mass of the gluon falls below 6 Ge V / c2 
• 

Followiing the QCD shower simulation， the outgoing heavy quarks are fragmented inde-
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pendently， using the Peterson parameteriztion [33]羽thεc:=O.08ior charm and 匂=0.5

for bottom. For top， the Peterson variable is scaled according to 1/ M..ん， gIV1ng a very 

hard fragmentation iunction. Light partons are fragmented using a purely phenomel-

ogical parametrization. The unstable particles produced in the fragmentation process 

are decayed based on the measured branching ratios ii possible and estimated branching 

ratios otherwise. 

The “underlying event"， all the particles unrelated to the hard scattering process， are 

low PT hadrons which are approximately uniformly distribu1;ed in rapiruty and azimuth. 

In ISAJET program， the underlying has two components: (1) QCD raruation from 

mco凶 ngpartons described above， and (2) beam-jet fragrnentationsimulated using a 

phenomelogical model. The average level activity from the underlying event is adjusted 

so as to match the measurement. 

In addition to simulating QCD-induced heavy savor production as described， ISAJET 

can generate a variety of process such as Drel1-Yan and W processes. 

3.1 Monte Carlo Data Sets 

This section describes the Monte Carlo data sets to which we wil1 refer in subsequent 

sections. The primary Monte Carlo generator used to evaluate acceptance and back-

grounds is ISAJET1 Al1 Monte Carlo events were passed through a simulation of the 

CDF detector. The detector simulation program extrapolu.tes the final-state particle 

trajectories through the magnetic field to the calorimeter cells. The average calorimeter 

responses and resolutions for charged pions， photons， electro:ns， and muons have param-

eterized and tuned to reproduce (1) test-beam measurement" for paticles with momenta 

IIom a few GeV /c up to about 200 GeV /c， and (2) isolated track data col1ected with a 

minimum-bias trigger at low PT • The simulation also includes effects of response across 

boundaries between calorimeter cells， zero responce in uninstrumented regions， photon 

1 Unles8 otherwise stated， we used version 6.43 of ISAJET Monte CI，.rlO program. 



conversions and the observed distribution oi vertex positions about the mean position at 

the center oi the detector. Aiter simulation， the events wer，e passed through the ofsine 

reconstruction in the same way as the CDF data. The eff'ects on the trigger efficiencies 

and sma1l diff'erences of lepton detection efficiencies between data and Monte Carlo re-

construction were corrected. Corrections were also applied for muon acceptance， since 

some of CMU wedges have been completely dead， throughout the run so iar. 

We have checked the validities of the Monte Carlo simulation， especia1ly on the lepton 

identification， isolation variables and the missing ET • 

• tt 

The ISAJET Monte Carlo program was used to generate tt events ior the top quark 

masses oi 100， 120， 140， 160 and 180 Ge V / c2
• The integrated luminosity of these gener-

ated samples were 1127， 2953， 6780， 14194 and 27768 pb-t， respectively. We have used 

the tt production cross section calculated by Laenen et al. [26] which was used ior the 

normalization of the expected tt events. 

• bb and cc 

ISAJET program was also used to generate a sample oi bb and cc events. Production of 

b quarks via the mechanisms of (a) direct bb production (gg'→ bb)， (b) gluon splitting 

(gg→ gg，g→ bb)， and (c) flavor excitation (gb→ gb) are included in the calculation. 

We have required that there was at least one b quark with PT more th組 25GeV /c2
• 

This PT threshold was chosen to keep 90 % oi the daughter lleptons with PT more than 

15 Ge V / c2 • The sample was then passed through the CLEO Monte Carlo to decay b 

quarks. It is known from the CLEO and CD F experienceEI that the CLEO program 

models them better than that in the naive ISAJET program. This changes the average 

charged particle multiplicity and the energy sow around the lepton. 

• WW  and WZ 
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ISAJET was also used to model WW  and WZ backgrounds. The integrated luminos-

ity oi WW  and WZ samples are 16790 pb-1 and 94100 pb-1， respectively. The ISAJET 

predicts WW  cross section to be 6 pb， but we use the theoretical predictions oi 9.5 pb 

ca1culated by Ohnemus[47]. 

• z → TT 

We used Z → e+ e-in data to make Z → TT simulation sample. The two electrons in 

the Z → e+ e-event were removed and then replace each elecron with a tau. The tau 

is then allowed to decay semileptonically and simulated with the iull simulation oi the 

CDF detector. The reeconstructed tau's were merged to the original event. In order to 

get much statistics， we have repeated this process 80 times ior every Z event. 



Chapter 4 

Event Selection 

The top-quark search in this analysis is based on a signature with high transverse mo四

mentum leptons， large missing transverse energy， and jets. ¥Ve begin with the techniques 

for lepton detection in the hadron collider environment in section 4.1 and 4.2， respec-

tively. Each section presents a set of lepton identification variables used in the analysis. 

Leptons coming from the top-decays are expected to be isolated， and we present the 

lepton isolation in the iollwing section. The last two sections oi the chapter explain jet 

reconstruction and the neutrino detection in CDF. 

4.1 Electron Identification in CDF' 

This section describes the electron variables used to identify electrons and gives the cut 

values used. 

4.1.1 Offiine clustering 

The electron identification algorithms begin with the formatiton of electromagnetic clus-

ters using an array of seed towers with transverse electromlagnetic energy >3.0 Ge V. 

Neiboring towers with ET >0.1 GeV are added to the cluster until the maximum cluster 

size is reached. The maximum cluster size is limited to thre:e towers in pseudorapidity 



(611何 0.3)by 1 tower in azimuth (6ゆ=150 in the central re:gion， and 5 towers in pseu-

dorapidity (6η 勾 0.5)by 5 towers in azimuth (64)=250 in the plug region. The cluster 

size used for the di:fferent calorimeters reflect the varIation of shower size and cell size 

IIIη. For clustering purposes， we define the transverse energy ET三 Esin 8 using the 

measured energy E in the calorimeter and the polar angle 19 given by the tower center 

position in the detector and the event vertex. As a cluster candidate， ofRine software 

threshold is required that the electromagnetic ET of the cluster be >5.0 GeV and that 

the ratio of hadronic ET(for towers in the electromagnetic cluster) to electromagnetic 

ET (H AD / EM) be less than 0.125. 

4.1.2 Electron responce corrections 

All central calorimeter modules were calibrated in a test bea.m. These calibrations were 

maintained with radioactive sources and light flushers. However， the ultimate calibra-

tion of the electromagnetic detector was performed using the CDF data itself. First， 

the energy deposited in the calorimeter was compared to the momentum measured in 

the central tracking chamber for a large sample of low energy electrons. This E/p mea-

surement was used to set the relative calibration of the individual calorimeter modules 

(tower-to-tower responce). Then， the overall energy scale was determined by requiring 

that the E / p as measured using electrons in W → elノeventsagree with the predictions 

oi a radiative W Monte Carlo [35]. 

4.1.3 Central Electron Identification Variables 

Aiter the trigger selections， a sample contains significant backgrounds from 1("0，1("土 over-

lap， early showering charged pions， conversions， and Dalit2~ pairs. At CDF， electron 

identification requires both calorimeter and tracking infornlation. We have used the 

iollowing variables to define electrons [36]: 

Track momentum 

We require the three-dimensional track associated to the EM cluster to distinguish elec-



trons irom photons. This track is used to determine the 4electron 's three momentum 

vector. The direction is much better determined using this track than using calorimeter 

variables which has a coarse granuarity. 

HAD/EM 

There must be minimal shower "leakage" into the hadronic calorimeter. We define the 

ratio between the hadronic and electromagnetic energy in th<<~ cluster. The electron/pion 

separation has been studied in the test beam and verified taken at the collider using 

an unbiused sample of electrons， i.e.， the W → ev sample obtained by triggering on 

the neutrino. The offiine analysis required a missing ET >30 GeV in the event， and 

a central EM cluster with ET >30 Ge V matched to a reconstructed track; thus this 

sample provides an unbiused electron sample. Figure 4.2 shows the hadronic iraction 

distribution for the electron candidate cluster. Test beam data for electrons and pions 

are shown， as well as electrons from the sample mentioned above. Both distributions 

agree fairly well and HAD /EM has good pion rejection. 

Lateral shower profile 

The shower development in the electromagnetic calorimeter lnust be characteristic of an 

electromagnetic process. We define the Lshare variable， which is a chisquare-like lateral 

shower profi1e measuring the energy deposition in towers adjacent to the seed tower of 

the electromagnetic cluster. The lateral shower profile in the calorimeter is equivalent to 

a local isolation requirement of electron candidates， since the EM cluster is essentially 

100 % contained in a single tower. This variable is defined as 

M~ -P~ 
Lshr = 0.14ち、=======

マゾ0.142E + (sPK)2 

where the sum is over the towers adjacent to the seed tower， Mk is the measured energy 

in the adjacent tower， Pk is the expected energy in the adjacent tower predicted using 

the impact point z in the proportional chamber(CES)， the ~event vertex and a shower 

prrofile parametrization obtained from testbeam measurements， E is the electromagnetic 



energy in the 3-tower segment and 5Pk is the error in P associated with a 1 cm variation 

in the impact point. The factor 0.14ゾEis chosen to nornlaluze the energy difference 

Mk-Pk relative to the statistical :fluctuation inherent in the e:nergy measurement of elec-

tromagnetic showers. For most events 5Pk is small since the CEM has full conta.inment 

(>99%) for showers more than 2 cm away from a boundary. 

Strip chamber variables 

As described in section 2.2.3， a gas proportional chamber (CE，S) iolocated close to ohower 

maximum in the central electromagnetic calorimeter. This chamber is used to determine 

the shower center and to quantify the cleanliness of the ellectron signal. The shower 

profiles across the strips and across the wires are separately fitted to parameterizations 

derived from 50 GeV /c testbeam electron data[37]. In the strip view for instance， the 

五ttingprocedure obtains the z-coordinate of the shower c1enter， ZCES， and the strip 

cluster energy EIJ by minimizing the function: 

~ (E;neao _ E qf'"ed (z ))2 
2(z，E)乞fL

ー
=1σ;(z) 

(4.1) 

where the sum extends over n = 11 channels. The E;neao represent measured channel 

energies， whereas the qf'"寸z)are predicted energies normali~zed to 1 and corresponding 

to a given z-coordinate of the shower center. Fluctuations in a single channel response 

are taken as 

σ;(z) = (0.026)2 + (0.096)2 qf'"寸z) ( 4.2) 

Equation 4.2 has been obtained from 10 GeV /c testbeam electron data. Since shower 

fluctuations and the location of shower maximum both vary 羽thenergy， the variance of 

a channel response can also be expected to depend on energy.， However， this dependence 

18 common to all channels and hence does not affect the fitting. 

To test a single electron or single photon hypothesis， one introduces the variable: 

? def 
χStripo 二

H号竺)0叩主(q;nealJ _ qf'"ed(ZCES))2 
一

唱 σ;(ZCES)
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where {qreao}i=l is the measured strip profile normalized to 1. The ECEM-dependent 

factor in iront of the sum sign compensates for the &Ioreme:ntioned energy dependence 

of u; (ECEM is the electron energy measured from the CE1~ cluster， which has better 

resolution than the CES measurement E.). 

The treatment of the wire view is entirely analogous to that of the strip view 

and consists in calculating the local z-coordinate XCES of the shower center and the 

corresponding goodness of fit variable χ?vire.. A plot of the average CES chisquare 

(χ3trips+χiv…)/2 is shown in figure 4.2 for 50 GeV testbea~m electrons and pions， and 

for electrons from W →白人 The X2 cut is made to remove: a potential contamination 

irom pion overlap backgrounds in a sample. 

We a1so require a match between the EM cluster position as measured by the strip 

chambers and the extraplated track coordinates. 

sX 

sZ 

Xextrap - XCES 

Zextrap - ZCES 

(4.4) 

(4.5) 

where Xextrap and Zextrap are the coordinates of the electroIl track extrapolated to the 

radius of the strip chamber. These variables help reject fake electron signals caused by a 

charged pion track which overlaps with a neutral pion showering in the electromagnetic 

calorimeter. 

Energy-momentum ratio 

Electrons are expected to have a good agreement between the electromagnetic energy 

and a track in the central tracking chamber. We use the ratio of the calorimeter energy 

to the electron track momentum of the highest momentum track associated with the 

EM cluster， E / P = ET / PT， in order to verify the matching hetween the EM custer and 

the CTC measuement of the electron energy. This ratio is calculated from the corrected 

energy and beam constrained momentum. 

The presence of a small tail at higher E/p due to hard synchrotron radiation which 
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lowers the value of tωhe momen刷l

having a smaller eπect on the energy E because most of the ]~ad必iated energy is deposited 

i泊nthe same calorimeter cell with the electron shower. 

Because high energy electrons tend to radiate in the detector， and since the CTC only 

measures the charged track momenta wheres the calorimeter caputures most of the 

radiated energy， we expect the mean of the E/p distribution. to be slightly above 1. 

Variable Tight Loose 

ET > 20 GeV > 20 GeV 
PT > 10 GeV/c > 10 GeV/c 

HAD/EM く 0.05 く 0.055+0.045ET/100 

E/P く1.5 く 4.0

Lshr く 0.2 く 0.2
sx く 1.5cm < 1.5 cm 
sz く 3.0cm く 3.0cm 
2 

χstrゆ <15 

Table 4.1: Central electron selection requirement 

Isolation 

We require that an absence of additional particles around the electron， since electrons 

coming from the top-decay are expected to be isolated. We require that at least one 

central lepton in the event be isolated in the central trackilng chamber. This will be 

described in section 4.3 of this chapter. 

Table 4.1 summarizes the central electron selection criteria. The distributions of the 

identi五cationvariables before cuts are shown in Figure 4.3， 4.4， 4.5， 4.6， 4.7， and 4.8 

for electrons from a sam ple of Z → ee events. In the same五gures，we叫soshow the 

distribu tion for electrons coming from W -and ふdecaysfrom top Monte Carlo. The 

central electron detection e伍ciencydetermined from Z → E~e events is 87% and 94%， 



respectively for the tight and loose selection cuts， as we see in Section 6.2.1. 

Conversion removal 

We reject electrons from photon conversions and 1ro decays by requiring that the electron 

candidate has a VTX track and that the second oppositely charged track forming an 

effective e-e+ mass less than 0.5 Ge V is not present. Th<<:: number of nonconversion 

electrons mistakenly rejected by the algorithm depends on the density of tracks near the 

electron. It is estimated that approximately 4 % of prompt electrons are rejected by 

these requirement. We have taken into this correction in th{~ acceptance caIculations. 

Fiducial cuts 

The following regions are excluded in order to ensure the quality of electrons. 

• The seed tower of the electron cluster must be one of towers 0-8 of the centraI 

electromagnetic calorimeter. The tower 9 has a different shape from other centraI 

ca.lorimeter towers and the electron responce varies significant1y with the z position 

in the tower. 

• The shower position in the strip chamber must be at least 9 cm away from the 

z=o plane in order to exclude the 900 crack region. 

• The extrapolated track position at the strip chamber{:=184 cm) must be at least 

2.5 cm away from azimuthal boundaries between central caIorimeter wedges(150 

boundaries) . 

4.1.4 Plug Electron Identification Variables 

The plug electrons must satisfy the following requirement: 

HAD/EM 

We Use the same quantity as the central electron's as stated above. 

Lateral shower shape:χい
A lateral shower distribution variable (χい)measures the de:viation of the shower from 
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the predicted shower shape obtained from test beam. We USE~ a 3 x 3 array of calorimeter 

cell， since most of electron shower is confined in this size. 

VTX hit occupancy 

We use the position information in the VTX， which gives good position in the 8 coordi-

nate， but poor position resolution in tt. Given the cluster pOlSition a.nd the event vertex， 

we define a road w here we would expect the electron go through the VTX active region 

and look for hits on the wires along this road. The fraction. of actual hits to expected 

hits is used to distinguish electrons from photons and required to be greter than 0ふ

Table 4.2: Plug electron selection requirement 

Variable 

ET 
HAD/EM 

χ3×3 

χ3epth 
NVTX 

Track 

r
 

e
 w

n
 

町

D

P
日

U
m
a
 

4
d
 

E

S

 

九
I

Cut 

> 20 GeV 
く 0.05

< 3.0 
く 15.0

> 0.5 
one and only one CTC track 

> 3 
< 0.1 

Track requirement 

One and only one track associated to the EM cluster is required to be wel1 reconstructed 

in three CTC by demanding a minimum number of hits ahove 3. There must be no 

additional three-dimensional track with PT > 1.5 Ge V / c within a cone of radius 0.25 

around the electron track. This is required because we see some plug electrons with a 

bunch of tracks pointing to an EM cluster， which identifies to be a jet. Figure 4.11 shows 

the track findi時 efficiencieswhich satisfy track quality cuts. In the region 1.2 < Iη| 

く1.4fewer CTC layers are available for pattern recognition ns shown in Figure 4.11. 

Isolation 

I三 (Ec-ET)/ ET， where Ec is the total transverse energy within a cone of radius 0.4 



inη -tt space centered on the cluster and require 1く0.1.

Fiducial region 

• The position oi the seed tower oi the electron cluster must not be in three outer 

tower annu1i nor in two inner tower annu1i. This meanls that it should be within a 

psudo-rapidity range oi 1.32 <ηdく2.22.

• The posution oi the cluster centroid must be at least 50 away irom azimuthal 

boundaries between the quadrants. 

Table4.2 summarizes the plug electron selection cuts. The efficiency oi these require-

ments are calculated irom Z → ee events and it is 85% (See Section 6.2.1). 

4.2 Muon Identification in CDF 

Muons are identified by their ability to penetrate many hadlronic interaction lengths oi 

absorber with minimal energy loss. Both carlorimeter and tnLcking iniormation are used 

to identiiy muons by requiring that the tower to which a track extrapolates h&8 energy 

energy deposition consistent with that oi a minimum ionizing particle. This requirement 

supprress backgrounds irom hadrons that interact in the calorimeters. High PT muons 

can be efficiently iound in the rapidity region Iη|く1.2，c:overed by the central and 

endwall calorimeters， and where the tracking iniormation is ，available irom the CTC. Ii 

the track goes into the region Iη|く1.0where the muon chambers are in向 umented，

a match between the CTC track and the muon chamber s(~gment can be used to re-

ject backgrounds. The confirmation by additional CMP chambers al80 make possible 

to reduce the backgrounds. The presence oi a muon chamber 8egment i8 also useiul 

for on1ine-triggering oi muons. Ii the muon has no a8sociated muon segment track， the 

isolation cut is imposed in order to reject backgrounds instead oi using the muon seg-

ment iniormation. We call muons with and without a muon chamber track as CMUOs 
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(central muon objects) and CMIOs (central minimum ioniz1mg objects)， respectively. 

Fid ucial Region 

To ensure the energy deposited is well measured， fiducial cuts are imposed. The same 

五ducialcuts defined for electrons are applied on CMIOs to avoid cracks between calorime-

ter modules. N 0 explicit fiducial cuts are applied on the muon-chamber muons， since 

tracks going through cracks are naturally avoided. This r1equirement defines a muon 

五ducialvolume that covers 85 % of solid angle for Iη|く1.2.

4.2.1 Identification variables 

We describe the parameters which characterize muons in this section. 

Minimum ionization requirement 

We demand that the energy deposite to calorimeter be consistlent with that of a minimum-

ionizing particle. Energy deposite of the muon to the calorimeter tower must be less 

than 2.0 GeV in the EM compartments and less than 6 Ge'l in the hadronic compart・

ments. We also require that a sum of EM and hadronic energy deposite must be above 

0.1 GeV. Figure 4.12 shows energy deposited to the EM and HAD compartments for 

57 GeV /c test-beam muons. On the average a minimum ionizing particle deposites 0.3 

Ge V in the EM and 2 Ge V in the HAD calorimeters. 

Track requirement 

The CTC track for the muon candidate must have an impact parameter I do Iく0.3cm 

where I do I is the distance of the extrapolated track trajectory from the beam axis at 

the point of closest approach. A match between the CTC track and the primary vertex 

along the beamline must also be less than 5 cm. These cuts are placed to reject occa-

tional tracks from cosmic rays and from muons coming from decays in宜ightof kaons 

and pions. In addition， we require at least 3 axial and 2 superlayers and the sum of both 

be greater or equal to 6 to ensure the quality of tracks. 
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Match between the CTC track and the muon chnmber track 

For the CMUO， an additional requirement of matching between CTC track and muon 

segment track in R-ゆplane(ムx)is imposed. Muons must satisfy either of sa( C MU) 

<10 cm or sa(CMP)く20cm or sa(CMX) <20 cm. 

Isolation 

We require that at least one centrallepton in the event be isolated in the central tracking 

chamber. This will be described in section 5.3. We require the absence of additional 

particles around CMIOs. The transverse energy in the towers within a cone of 0.4 

excluding the muon energy must be less than 5 Ge V. 

Table 4.3: Central muon selection requi:rement 

Variable CMUO cuts CMIO cuts 

PT > 20 GeV >20 GeV 

ηrange < 1.0 く1.2

EM energy < 2 GeV <2 GeV 
HAD energy く6GeV く6GeV 

Impact parameter <3mm く3Inm

Z-vertex match <5cm く5C1TI 

sa (CMU) く10cm 

ムa(CMP) く20cm 

sa (CMX) く20cm 

Cosmic ray removal 

The cosmic ray events have tracks which are back-to-back in three dimensions in the cen-

tral tracking chamber. Also， they do not normally pass close to the interaction region， 

hence their impact parameter distribution is relatively flat. Reconstruction of the cosmic 

ray tracks as it goes towards the CTC center is generally worse than for tracks emanating 

from the center， because the time-of-flight corrections are wrong. By looking for a poor 

quality tracks back-to-back with the muon candidate rejects the majority of cosmic rays. 
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We classiiy CMUOs into two classes: 'tight' a.nd ‘loose' IlnUOnS. The difference be-

tween them is that tight muons are required to match to a CMU or CMP track segment， 

while loose ones are allowed to that the muon type is CMU or CMP or CMX. 

4.3 Lepton Isolation 

The energy surrounding a lepton depends on the lepton source. Leptons coming IIom 

Drell-Ya.n process， W's and Z's are said to be isolated in c:ontrast to the nonisolated 

leptons coming irom the decay oi charm and bottom hadrons which are accompa.nied 

by quark hadronization and decay products. Leptons irom the decay oi top quark are 

expected to be isolated. In the semi-leptonic decay oi a W' IIom a top quark will be 

emitted at a large angle with respect to the other decay and hadronization products. 

Lepton isolation is a poweriul tool in detecting leptons IIom top quark decay in the 

presence oi botom and charm leptonic decays. We define a measure to quantiiy the 

absence oi the additional particles around the lepton. In the CDF detector the activity 

around leptons can be measured both in calorimeter and in thle central tracking chamber， 

namely carolimeter isolation and track isolation. 

In the iollowing we show that a track isolation cut will bc:~ more efficient ior top a.nd 

at least as good at rejecting background. 

Looking at tt Monte Carlo with Mt叩 =120GeV Jc2， wc:~ see that the calorimeter 

isolation cut keeps 89% of 'direct' (t→ W → e) 20 Ge V central electrons which pass the 

standard set of electron identification requirement (figure 4..17 (c)). A track isolation 

cut， requiring less than 3 GeV oi PT in a cone of 0.25 abou't the electron does better， 

keeping 94% of the 'direct' electrons (五gure4.17 (a)). These are efficiencies per lepton. 

Requiring both legs in the event to be isolated will double th.e inefficiency. 

Looking at the same Monte Carlo， we can also五ndthe efHciency for all the electrons 

in the event， direct or indirect. Figure 4.17 (b) shows the SUln PT oi CTC tracks inside 

a cone oi 0.25 ior central electrons， and Figure 4.17 (b) shows the calorimeter ET in a 
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cone oi 0.4 ior all central electrons in the tl events In both cases， the lepton energy is 

excluded irom the sum. Cutting on calorimeter isolation on a single electron keeps 85% 

oi them， cutting on track isolation keeps 91 %. 

Electrons passing tight cuts， selected inclusively irom the high-PT dilepton sample 

(very loose selection cuts on the second lepton)， a.re enriched in b → e decays and al80 

contain fakes and， to a much lesser extent， electrons irom Drell-Yan and Z. L∞king 

at these electrons， we see that the calorimeter isolation cut rejects 39% of the central 

electron with ET above 20 GeV which pass a set of tight electron cuts， while the track 

isolation cut rejects 51% oi them. This gives us some indic:ation oi how well the two 

cuts reject background. The track isolation cut is favorahle over the isolation cut. 

Alterna.tively， we can look at EM clusters which have HAD /EM greater than 6%， so 

that we know we are looking at 'junk'， and we see that the calorimeter isolation cut 

rejects 82% and the track isolation cut rejects 83%. 

Cut Cone t → W →e t →X →e 'good' EM cluster HAD /EM > 0.06 
ET < 5 0.40 .89 .85 .39 .82 

PT < 3 0.20 .96 .93 .49 .80 
PTく 3 0.25 .94 .91 .51 .83 
PTく 3 0.30 .92 .88 .53 .84 

Table 4.4: Comparison of tracking and calorimeter isolation va.rIables. The efficiencies 

in first two columns are irom Monte Carlo. The second two， are from data.. See text for 
details. 

We also checked that the cuts did not throw awa.y good electrons by looking at 

Z →ee. Putting tight cuts listed in Table 4.1 on both legs of the Z leaves us with 415 

central-central events， or 830 electrons. The track isolation c凶 keeps828/830 electrons， 

while the calorimeter isolation cut keeps 822/830. 

Finally， we varied the cone size for the track isolation cut. A summary is given in 

table 4.4. The numbers are fractions of electrons with ET >20 GeV which passed the 

isolation cut of given cone size. 

We use sum of track PT in a cone of R=0.25 around the Uluon， excluding the muon 
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track， <3.0 Ge V / c (See Section 5.3). 

4.4 Jets 

Jets a.re characterized by an extended cluster of hadronic and telectromagnetic deposition. 

Jets a.re reconstructed using an algorithm which forms clusterfJ from the recorded energies 

deposited in the calorimeter towers. In CDF it is an iter;ative fixed cone algorithm 

that begins by looking for cintiguous clumps of energy， called "pre-clustersぺandthen 

gathers all the energy within a fixed distance from these pre-dusters. The pre・clustering

stage begins by combining contigous towers with Et > 1 Ge V. This relatively high tower 

threshold is designed to eliminate clusters formed from :fluctu8.tions in the soft underlying 

event. Any pre-cluster with Et >3GeV is considered a "seed" for the cluster finder. A 

circle in eta-phi space is drawn around each seed. The radius of this circle is a parameter 

of the algorithm; the default is 0.7. Now， all towers inside th.e circle and with Et above 

100 Me V are included in the cluster. (Once a good seed has been found， a lower threshold 

is used to allow the algorithm to gather the maximum fraction of the jet energy and 

therefore have the best possible energy resolution. The 100 MeV threshold is well above 

the electronic noise level for the calorimeter in CD F .) The :position off each cluster is 

recalculated using the Et weighted centroid of all towers in the cluster. A new circle is 

iterated until stable. If two clusters have more than 75 % of their towers in common， the 

clusters are merged. When a tower is shared by two unmerged clusters， it is uniquely 

assigned to the cluster that is closest inη ーゆ space.

From the towers associated with the cluster， the quantities (P:r，PII，Pz，E) are cal-

culated. The electromagnetic and hadronic compartments of each tower are assingned 

massless four-vector with magnitude equal to the energy dteposited in the tower and 

with the direction defined by a unit vector pointing from the event origin to the center 

of the face of the calorimeter toweホalculatedat the depth that corresponds to shower 

m凶 mum).E is the scalar sum of tower energies; P:r is the sum of P:r，i where i is the 
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tower index. The transverse energy is deined as ET三 Esin j9. 

4.5 お1:issingtransverse energy 

Decays oi tl events produces neutrinos. Since these particles can not be detected directly， 

their presence must be inierred by the presence oi a la.rge momentum imbalance in the 

event. The凶 ssingtransverse energy( IT ) is defined to be the negative oi the vector 

sum oi the transverse energy in all calorimeter towers with Iη1<3.6. 

IT =一|乞 EI

The ηrange is restricted because the low-s quadrupoles oi the Tevatron cover part oi 

the azimuthal regions ior 3.6くηく4.2. To be included in the sum， towers must pωs 

an energy threshold requirement oi 0.1 GeV ior all the carolimeters (This is the same 

threshold as the one used ior the jet clustering). Missing ET rneasurement is sensitive all 

types oi detector imperiections. Mismeasurement oi jets due to finite detector resolution， 

1088 oi energy in cracks and loss oi jet down the beamline is the primary source oi the 

missing ET • 

We compute the rni凶 ngET from the 'raw'凶 ssingtransverse energy ET ，un∞，rrected邸

ET ET，uncorrected +玄(百~uon-tower _ p;') +乞(tt:mCOTEected-tfLeeted)， (4.6)

where sj is the transverse cornponent oi the rnuon momen.tum vector， Ë~uon-tower is 

the transverse energy measured in the calorimeter tower crossed by the muon. N ote 

that we also correct the rnissing ET for jets with observed ET > 10 Ge V and Iη1<2.4. 

The second surn on the right-hand side is the difference between the corrected jet ET 

( 陀or 叩 ed) and the 0 b 民 rved( uncorre 批 d) jet ET ( E'皆叱f主.un江rnco

1IU8臼81泊ngET corrected ior jet energy scale has a better r陀eject“iOIlior the backgrounds than 
US1ng uncorrected quantity in Section 5.6. 
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The resolution on the 1T measurement depends on th<<~ amount of energy in the 

event. For minimum-bias events， the resolution ior thee two components IT:r and h" 

oi the IT vector can be parametrized asσ(IT) = 0.47ゾ芝耳， where 
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Chapter 5 

Dilepton Event Selection 

First， we define the dilepton event category and determine our signal region by defining 

the dilepton selection criteria. Then we search for the top quark in data. 

5.1 Dilepton event class 

We define the following notations: 

CE = electrons detected in the central calorimeter 

PE = electrons detected in the plug calorimeter 

MU = muons detected in the chambers of the central muon detector 

MI = muons directed outside the central muon chambers， Whi4Ch are detected as tracks in 

the central tracking chamber having minimum-ionizing energy deposition in the central 

calorimeter 

Out of 10 possible clsses of dilepton events， we consider 8 cla，sses: 

• CE-CE Tight central electron -Loose central electron 

• CE-PE Tight central electron -Plug electron 

• MU-MU Tight central muon -Loose central muon 

• MU-MI Tight central muon -Minimum ionizi時 tra4ck(CMIO) 
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• CE-MU  Tight central electron -Loose central mUOIll 

• MU -CE Tight central muon -Loose central electrolll 

• CE-MI Tight central electron -Minimum ionizing t:rack (CMIO) 

• PE-MU  Plug electron -Loose central muon 

• PE-MI Plug electron -Minimum ionizing track (c:rv.no) 

We require that there be at least one lepton in the central region， as a dilepton 

candidate. Dilepton events consisting of two CMIO's (MI-MI) are not directly triggered 

on and hence are not used. PE-PE has not been include in the analysis， because a 

fraction of having both electrons in the plug region is very 8mall ior tt events. (<1 % 

for M，切=140GeVjc2.) 

A trigger path was not explicit1y required when events were selected， however we 

have checked that volunteers， which do not trigger on with the central or plug electron 

or central muon paths， are amount to t"V 1% of the dilepton. events aiter the PT cuts. 

Futhermore， we observed two candidate events in the signal region and verified that they 

came in the proper trigger path. 

In the iollowing section， we de五nethe signal region. The se~lection cuts we will use are 

lepton PT， isolation cut， event topological cuts oi the mass， missing ET， and the twかjet

cut. We also require two leptons in the event must be oppositly-charged dilepton. 

5.2 Lepton PT cut 

We require that the transverse momentum (PT) oi both le:ptons be greater than 20 

Ge V j c. Large PT leptons provide a good signature， because a high PT threshold sepa-

rates the tt signal IIom bb， Z→ TT， which concentrate at lowell" PT and also can separate 

I!om the iake lepton backgrounds. This can be seen IIom Fiigure 5.1. The acceptance 

due to geometrical and PT cuts varies from 34 to 63 % ior a top quark mass from 100 

to 160 Ge V j c2 • 
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5.3 Lepton track isolation 

For top decay (t→ Wb → lvb)， the large top mass results in a large separation between 

the lepton and the bottom quark， yielding an isolated lepton. On the other hand， in 

bottom decay ( b →lvc )， the lepton is much closer to the tc:harm quark and thus less 

isolated. The bb and fake lepton backgrounds are rejected by an isolation requirement. 

As we saw in section 4.3， the track isolation variable has a hetter background rejection 

and preserves much more tf events than using the calorimeter isolation variable. 

We define the lepton track isolation to be the sum oi all the CTC track transverse 

momenta within a cone oi radius d:t.R = (d:t.η2+d:t.ゆっ1/2= 0.2~5 around the lepton track， 

excluding the lepton track itseli. Here，ηis the pseudo-rapidity and ゆisthe azimuthal 

angle measured in radians. 

To keep more tf events， we always require at least one centrallepton (e or μ) and thio 

lepton must have a stiff isolated track pointing to cluster. We always impose calorimeter 

isolation cut on PE and CMIO. In other words， 

1) If there are two centralleptons， where central is CE，MU or MI， then we require at 

least one oi them (any one oi them) to pass track isolation. 

2) For PE+( CE， MU， or MI) we require the CE， MU， or MI to pass track isolation. 

The efficiency oi this requirement is about 95 %， independently oi top mass. 

5.4 Oppositely charged leptons 

The same-sign charged lepton pairs irom tf must include on(~ lepton irom the decay oi 

b's. Since these leptons tend to be non-isolated (accompanied by nearby particleo irom 

the b hadronization and decay)， they are less likely to pass lepton identification cuts. 

The two leptons in the events are required to have opposite charges. This cut reduces 

backgrounds irom lepton misidentification by a iactor oi two and bb by 30 %， while this 

cut loses 3 to 6 % oi top signals. 

84 



Mtop (GeV jc2) 

1) (W+W-) 

2a) (Wb) (bb) (T+b) (Opposite sign) 

2b) (Wb) (bb) (T-b) (Sa.me sign) 
3) (T+T一)(W+T一)(W-T+) 

120 

81.9土1..4
4.2土 01.8
3.4土 01.7
10.4土1..1

160 

75.9土1.5

6.5土 0.9

5.7土 0.8

11.7土1.1

Table 5.1: The fractions of tl→II + X having 1) both lepton.s coming directly from the 

top quark decay， 2) at least one lepton coming from the decay of a bottom or charm 

quark， and 3) one or both leptons corning from a T decays. ][n category 2)， frcations of 
both opposite and sarne sign events are shown. Lepton identi五cationcuts are imposed. 

All numbers are percentages. 

5.5 zO removal 

Events conta.ining a ZO decaying into an e+ e-(μ+μ-) pa.ir give rise to high PT elec-

trons (rnωns)， thereby contributing to the background to the top signal. We explicitly 

removed events that contain a lepton paIr with a rnass between 75 and 105 Ge V j c2
• The 

efliciency for top events is 80% for Mt叩 =140GeV jc2 

5.6 民生issingtransverse energy 

The remain.ing backgrounds are bb， Z → TT and lepton misidentification for eμchannel， 

and ee and μμevents are expected to be dorninated by the Drell-Yan events. None of 

these events are expected to have significant rnissing ET， whne tl events contain at least 

two energetic neutrinos， which results in large missing transverse energy. Figure 5.4 

shows the rnissing ET distribution for tt events together with background processes of 

bb， Z →TT， and WW. We require that candidate events must have a missing transverse 

energy greater 25 Ge V. 

Note that we compute the missing ET after correcting the jet energy scale， as dis-

cussed in section 4.5， The motivation is that the corrected rnissing ET reject Drell-Yan 

events better than using uncorrected rnissing ET as shown in Figure 5.5(a). For tt events， 
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no change was observed as shown in Figure 5.5(b). 

In addition to the cut on the magnitude of the missing transverse energy， the Drell-

Yan and Z→ TT backgrounds are further reduced by cuts on the必rectionof the missing 

transverse energy. 

In principle no neutrinos are involved in the Drell-Yan ev~:nts so that the missing ET 

in the event is expected to be small. The significant missing ET arises from jets when 

a large fluctuation in the calorimeter measurement occurs. In this case， the direction of 

missing ET tends to lie along that of the jet. Figure 5.7 illustrates one of examples for 

these events. The missing ET of this event is 50 Ge V， but it ca.n be seen that the missing 

ET is observed along a jet with a large ET of 83 GeV. The nllsing ET is considered to 

be arised from mismeasurement of the jet. Hence， no energetic jets must be detected in 

the direction of the missing transverse energy for candidate events. We show a plot of 

the azimuthal difference between a missing ET and a closest jet) versus a missing ET 

in Figure 5.8. We require that the missing ET direction be more than 200 away from 

the closest jet. The cut value is chosen to achieve good rejection in a Drell-Yan control 

sample of Z + jets events1 • 

A similar cu t is im posed to minimize the background from Z→ TT. For Z→ γT events 

the missing transverse energy originates from neutrinos， which are often aligned with the 

charged leptons. Because of the large mass of the top quark" neutrinos from top decay 

are produced isotropic and are not aligned with the charged leptons. The backgrounds 

from Z → TT are minimized by requiring that no energetic lepton be detected in the 

direction of the missing transverse energy. Figure 5.8 shows the azimuthal difference 

between a missing ET and a closest lepton versus a missing ET. We demand that the 

missing ET direction be more than 200 away from the closest lepton. 

In summary， we require that ßゆ(~T ， lepton) >20 0 and ßゆ(~T ， jet) >20 0， if ~T 

く50GeV. Note that the cut is imposed in case that the missing ET be less than 50 

lWe estimate the background from Drell-Yan continuum using Z events in CDF data as we will 
discuss in Section 7.1 
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GeV， otherwise the cut is not imposed. This condition is ILdded in order to preserve 

more tt events， since Monte Carlo study shows that these background events are less 

likely to have a large missing ET greater than 50 Ge V， as迦1llstratedin Figure 5.6. We 

&180 show in Figure 5.10 the azimuthal separation between th.e missing ET and a closest 

jet or lepton versus the missing ET • 

The e侃ciencyoi this requirement ior top events is 76% ior Mtop= 140 Ge V / c2 

5.7 Two jet cut for higher mass to:p search 

In searching ior the higher mass top quark， it is di伍cu1tto achieve a good signal-tか

background separation， because tl production cross section bec:omes significant1y sma.ller， 

a.nd also because the background from WW  production becomes comparable with the tt 

signal for a top mass above 150 GeV /c2， As a resu1t， we muS1t rely on ad仙 ionaldetails 

of the top signature to improve the signal-to-background ratio. One oi methods is to 

require the presence of jets in the events. This can be seen in Figure 5.11 which shows 

the distribution oi the jet multiplicity for WW  and top Monte Carlo. 

Figure 5.12 shows the leading and second leading jet ET for the top masses oi 100， 

140 and 160 Ge V / c2. For the top mass not much larger than. the W mass， the b quark 

from the top decay has a rather soft PT spectrum and the e1liciency ior reconstructing 

b jets in the detector is low. For higher mass top， above 120 GeV /c2， however， the two 

b quarks in the decay of the tl pair can have significant ene:rgy and are detected with 

good efficiency as hadronic jets in the calorimeter. An additional twか jetrequirement 

preserves most of the tl signal ior high mass top and reduces backgrounds， which contain 

occationally observed hadronic jets only through higher order processes. The Z → TT， 

WW  and WZ  backgrounds can be reduced by a factor oi about 6 by requiring two jets. 

The efficiency ior the two-jet requirement depends on the observed jet ET and on the 

top mass. We have investigated the fraction oi events which pass the twかjetcut ior tl 

and WW  events by varying the jet Et threshold. We used th1ree附 ofcuts:EFI，EF2 

87 



>(10，10)， (15，15) and (20，10) GeV. The fractions are tabulate:d in Table 5.2. Figure 5.14 

illustrates the twかjetcut e侃cienciesfor the top quark as a fwnction oi its mass， together 

with those ior WW  events. 

For tt events with mass above 120 GeV Jc2， the efficiency is more than 63 %， while 

13 % of WW  events survives the cut by requiring two or more jets with observed Er 

>10 GeV. 

In the case， we require two or more jets with observed transverse energy greater than 

10 Ge V. A cluster cone radius of 0.4 is used. Furthermore， because the pseudorapidity 

distribution of jets from ttbar production is narrower than that from other background 

events， we require the jets to have Iη|く 2.4.This cut was Inade on the pseudorapidity 

of the jet as determined from the center of the detector to ensure that the jets are 

contained in the central or plug calorimeter， rather than the event origin. 

Mtop (GeV Jc2
) 

E~t >(10，10) GeV 

E~t >(15，15) GeV 

E~t >(20，10) GeV 

100 120 140 160 WW  

33.0土1.4% 63.0士1.3% 75.1士1.0% 83.9土 0.9% 13.7士1.1

22.2土1.3% 45.9土1.4% 62.3 土1.~~% 74.5土1.0% 5.5土 0.7

26.2士1.4% 54.9士1.3% 72.0土1.1% 82.4土 0.9% 10.9土1.0

Table 5.2: The efficiency of the two-jet cut of different jet J"EJT thresholds for top and 

WW  Monte Carlo events. 

Table 5.3: Summary of dilepton selection criteria 

At least one centrallepton isolated in the tracking chamber 

Reject same sign dilepton events 

$T >25 GeV 
Reject 75 <Mu <105 GeV /c2 for ee and μμ 

Aゆ($T，jet) >200 and sゆ($T，lepton ) >200 if $T <50 GeV 

Two or more jets with observed ET >10 GeV 
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5.8 Data Analysis 

In our data sample， 5 eμ， 685 ee and 511μμevents are left a.fter the Lepton PT， lepton 

identification， isolation， and opposite charge cuts. 

5.8.1 eμ 

The lepton PT transverse momenta for the five electron-nluon events are shown in 

Fig. 5.15， together with the prediction from tl Monte Carlo. The azimuthal angle differ-

ence between the missing transverse energy and the closest le:pton or jet for is plotted in 

Fig. 5.16 against the missing transverse energy. Two eμevents survive the final missing 

ET cut， both its magnitude and direction cuts. The one of ，candidates has an isolated 

centra.l electron with Ef of 22.2 GeV and an opposite-sign muon with P~ of 41.1 GeV /c 

with a dilepton azimuthal opening angle of 180
• There are two large calorimeter clusters 

in the central region with observed transverse-energy deposlltions of 108 and 44 GeV， 

one cluster of 18 Ge V in the forward region. Other characteristics of the event include 

the presence of a second muon candidate with transverse momentum of 8.8 Ge V / c in 

the highest ET jet. Another event contains an isolated central electron with E子of50.6 

Ge V and an isolated opposite-sign muon in the CMX chamber with P~ of 31.3 Ge V / c 

with three ca.lorimeter clusters with observed ET of 67， 14 and 11 GeV. 

In these events， no energetic lepton or jet is detected in the direction of the missing 

ET • Figure 5.20・ 5.23show a tracking chamber and calorimeter displays for the 

candidates. Some properties of two events are summarized in. Table 5.5. 

5.8.2 ee and μμ 

The dielectron and dimuon invariant masses are shown in Figure 5.17 and 5.18 for 

685 dielectron events and 571 dimuon events， respectively. Also shown in the plots are 

the Monte Carlo predictions from ISAJET program. By rernoving the majority of ZO 

backgrounds， the data sample is reduced to 58 ee and 62μμe:vents. The distribution in 
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the missing ET-sゆ(1T，lepton or jet) plane is shown in Figur¥e 5.19 for CnF data. After 

imposing the missing ET requirement， no dielectron or dimu()n events were observed. 

A summary of the numbers of events surviving di宜erentstage of cuts is shown in 

Table 5.4. 

In the following two sections， we will determine the detection efficiency for the selection 

sriteria stated above， and estimate the expected number of backgrounds. 

Cut ee μμ eμ 

PT 702 588 8 

Opposi te-Charge 695 583 6 

Isolation 685 571 5 

Invariant Mass 58 62 5 

1T 。1 2 

1T direction 。。2 

Two-jet 。。2 

Table 5.4: N umbers of data events surviving various consecutive cuts. 
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Event 1 Event 11 
Charge PT η ゆ Charge PT η ゆ

(GeV /c) (deg) (GeV /c) (deg) 
electron 22.2 0.84 32 + 50.6 0.93 25 
muon + 47.7 0.17 14 37.3 -0.74 4 
muon + 8.8 0.18 352 
Jet 1 107.9 0.11 352 67.0 0.64 218 
Jet 2 44.3 -0.54 215 13.6 -3.31 344 
Jet 3 18.0 -2.94 112 10.7 1.34 344 
Missing ET 136.4 179 59.6 149 
Aゆ(1T，l) 147 124 
Aゆ(1TJ) 36 68 

Table 5.5: Characteristics of the top-quark cndidate events. Observed calorimeter ET is 
used for jet clusters. 
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Figure 5.19: Distribution in the sゆ($T，lepton or jet)-$T plane for CDF data with 

intgrated luminosity of 21.4 pb-1
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Figure 5.20: A display of the candidate events: Run 41540 :Event 127085 view of the 
hacking chamber in the transverse plane 
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「芯n41540 Evt 127085 E附 41540.DST 290CT92 3:33:20 21-JAN-9 

DA工SE transverse Eta-Phi LEGO Plot 
Max tower E= 72.4 Min tower E= 0.50 N clusters 

METS: Etotal 723.1 GeV， Et(scalar)= 235.3 
Et(miss)= 80.4 at Phi= 175.3 Deg. 

PH工 14.

ETA: 0.17 

Figure 5.21: A display of the candidate events: Run 41540 Event 127085 The cylindrical 
carolimeter has been 九nrolled"such that the axes of thle grid the azimuthal angle 

around the beam line， and the pe吋 orapidity，defined asη = -log( tan( 8/2))， where 8 is 
the polar angle with respect to the beam line. The hight of each cell is proportional to 

its transverse energy ET = Esin8. 
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Run 47122 Event38382 EMU47122 38382.05T;1 4MAY93 16:37:24 18-0EC-93 

Pt Phi Eta ~t(METS)= 34.0 GeV 

z 1= 12.1， 21 trks Phi 131.7 Oeg 

-50.6 24 0.93 E Surn Et 199.7 GeV 

60.5 24 0.93 
-8.5 219 0.54 cn =二二二二コ c==::コ
7.3 219 0.77 
1.3 9 -0.01 
1.1 217 0.76 
0.9 24 1.05 
0.9 66 -0.32 
0.9 30 1.00 

ー0.9 189 -0.14 
0.8 305 0.89 

-0.8 346 0.36 
-0.8 197 0.27 
-0.7 184 0.26 
0.6 48 -1.01 
0.5 128 0.44 
0.5 143 -0.60 

-0.5 96 -0.51 
0.5 37 0.08 

ー0.4 295 0.66 
0.3 223 0.08 
0.3 122 -1.47 

z 2=ー38.0， 3 trks 
ー0.5 80 1.30 
-0.3 236 -0.67 
0.3 208 -0.62 

z 4=-27.1， 1 trks 
-5.0 352 1.49 

21 unattchd trks 
-34.0 4 -0.74 

6.1 214 0.69 
2 rejectd trks 

d .. ' 
c::コ

21 more trks... 

ぽhit &七o display 
× CCMMX X wee asst t + 

Figure 5.22: A display of the candidate events: Run 47122 Event 38382 view of the 
tracking chamber in the transverse plane 
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Run 47122 Event38382 EMU47122 38382.DSTj1 4MAY93 16:37:24 17-DEC-93 

DA工SE transverse Eta-Phi LEGO Plot 
Max tower E= 49.4 Min t.ower E= 0.50 N clusters= 

METS: Etotal 696.7 GeV， Et(scalar)= 199.7 Ge 
七(miss)= 34.0 at Phi= 131.7 Deg. 

PH工 229.

ETA: 0.93 

Figure 5.23: A display of the candidate events: Run 47122 Event 38382 
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Chapter 6 

Efficiency measurement 

This section describes the calculation of the total detection efficiency for tt → dilepton 

+ X events， and also discuss the systematic uncertainty on the efficiency measurement. 

The observed cross section is related to the tt productiol1 cross section: 

σobsσtt Br εtotal (6.1) 

where Br =会 isthe semileptonic branching fraction into e~~ ， μμ ， or eμ. 

The total efficiency(εto刈 isa sum of efficiencies for the 8 event classes， which a.re 

the product of the acceptance due to geometrical and PT cut (εgeom.P
T

)， efficiencies for 

lepton identification c凶中ID)，isolation cut( Ei3ol)， event topology cut(εEvent} ， twかjet

c叫εTwo-jet)， and the trigger efficiency (εTrigger) and is given by 

εtotal =乞 εgeom.PTεIDεIsolε…tεtwo-jetεtrigger
event class 

(6.2) 

The a.rrangement of the factors on the right-hand side of equation (6.2) is mea.nt to 

define an order in our set of selection cuts. According to thjs order， the efficiency of a 

given cut is determined relative to a sample on which all the preceding cuts have alrea.dy 

been applied. 

In the following sections， we will describe the efficiency calcula.tion for individual 
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cuts. We use the ISAJET Monte Carlo generator and a sim1l11ation of the CDF detector 

to determine the geometric and kinematic acceptance and the efficiencies for lepton 

identification cuts， lepton isolation cuts， the combined e鼠ci~ency of the dilepton charge， 

invariant mass and missing ET cuts， and the efficiency for the twかjetcut. The trigger 

efficiencies are determined using data col1ected by independent triggers. 

6.1 Geometric and kinematic acce!ptance 

The acceptance due to geometrical and PT cut is the fraction of tl→ 必lepton+ X 

events (normalized to the double semi-leptonic brancing ratio of 4/81) in討dethe五ducial

volume of the detector and passing the PT cuts. It should be noted that this definition in 

principle allows efficiencies larger than 1.0. The double semi-leptonic decay of a tl pair 

with an assumed branching ratio of 4/81， i.e.， a lepton pair from WW， contributes most 

of the signal， but the remaining contributions from sequential decays of a daughter b or 

c quark or T lepton are also take into account. Hence， the effective branching ratio is 

larger than 4/81. In Table 6.1， we show the contributions to the signal from the fOl1owing 

lepton sources: (1) both leptons come directly from the W d~ecay; (2) at least one lepton 

comes from the b decayl ; and (3) leptons corning from the d1ecay of a tau (but no events 

such as b -T， since these events are counted in the category (2) ). This is evaluated 

using ISAJET Monte Carlo generator and the CD F detector simulation. Leptons from 

top quarks at the ISAJET generator level are related to the simulated lepton candidates 

by examining the matching inη -<t space between both leptons. We looked at the 

distributions of the distance between thern and required to be less than 0.04. Figure 6.1 

出ustratesthe matching distribution for electrons corning from the decays of W and of 

bottom. The efficiency of passing the matching cut is about 95 %. 

After testing the matching cut， we counted the number of events which pωses the 

lepton PT and fiducial cuts described in section 4.1 and 4.2. In the calculation， track re-

1 We also include the charm decay. By b， we mean both b and c qU8.rks. 
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100 120 140 160 

1) W+W- 82.2土1.5 68.1土1.6 55.0土1.5 46.7土1.4
2) Wb，rb 9.2土1.1 23.7土1.5 38.4土1.7 46.2土1.6

3) rr， W7・ 8.7士1.1 7.9土 0.9 6.4土 0.8 6.7土 0.7

Table 6.1: Fractions oi tf→ II + X having 1) both leptonsl coming directory irom the 
top quark decay， 2) at least one lepton coming irom the d.ecay oi a bottom or charm 
quark， and 3) leptons coming irom other decays except 1) a.nd 2). This was calculated 
at the parton level using ISAJET Monte Carlo program. 

Mtop 100 120 140 160 

CE-CE 0.064土 0.003 0.085土 0.004 0.112土 01.004 0.114土 0.005

CE-MU 0.131士 0.005 0.175土 0.005 0.218土 01.006 0.279士 0.006
CE-MI 0.039土 0.003 0.042土 0.003 0.054土 01.003 0.053土 0.003
CE-PE 0.011土 0.001 0.013土 0.002 0.014土 0.002 0.013土 0.002

MU-MU 0.055土 0.003 0.066土 0.004 0.089土 0.004 0.114土 0.005

MU-MI 0.019土 0.002 0.022土 0.002 0.038土 0.003 0.037土 0.003

MU-PE 0.013土 0.002 0.012土 0.002 0.017士 0.002 0.018土 0.002
PE-MI 0.004土 0.001 0.004土 0.001 0.004土 0.001 0.003土 0.001

Total 0.337土 0.012 0.419土 0.011 0.547土 0.010 0.632土 0.009

Table 6ふ Geometricand kinematic acceptances ior the top mass irom 100-160 GeV jc2
• 
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quirement on the plug electron is imposed. For the dimuon (:1ass， at least one triggerable 

muon is required. 

Table 6.2 summarizes the geometric and kinamatic acceptance. The acceptance is 

increasing with the top mass (34・63%) because the leptonll are more likely to be in the 

central region and have large PT at higher top mass， and山 01because the contribution to 

the acceptance irom events with one or more leptons irom the decay oi b is increasing， 

from 24 % at Mt叩 =120GeV /c2 to 46 %前 Mt叩 =160GleV /c2
• However， note that 

the contribution oi leptons coming from b quarks are suppressed because they are less 

isolated， and less likely to pass implicit isolation cuts such eLS HAD /EM and Lshr， than 

the leptons directly coming from W， as we will see in the n~ext section. 

6.2 Lepton Identification 

There are 3 sources of top dileptons， as we have discussed in previous section. Leptons 

in tt events have widely varying isolation characteristic， c1epending on whether their 

parent particle is W， bottom( charm) or tau， as shown in Figure 6ユItis evident that 

leptons irom the decay of W's and T'S are well isolated but ones from the decay oi b are 

less isolated. Hence the e:fficiencies for lepton identificatioll cuts are expected to vary 

according to parentage. It also should be noted that the presence of jet activity in the 

tl events makes the detection e:fficiency less e:fficient than i:n ZO events. It ca:n be seen 

in the same五gure(Figure6.2 (d)) that leptons from Z decays are more isolated than 

those irom W -decays. It is not realistic to estimate the lepton detection e:fficiency using 

leptons from the Z decay. Therefore， the e:fficiencies are extracted from the tl Monte 

Carlo. Before measuring the e:fficiency， it is important to check how well Monte Carlo 

simulates the lepton identification variables. From Figure 6.3 to 6.5， comparisons of 

electron variables between data and Monte Carlo are made using central electrons from 

the decay oi Z. We have also included a small correction fl..ctor which account ior the 

difference of identification e:fficiencies between Monte Carlo and data using Z events. 
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The correction ensures that the efficiencies for leptons fro:m Z-decay measured in the 

data agree with those of simulated Z-decay leptons. 

We compute the lepton selection e伍Clencyas

JJata 

εID =乞んιラC'
i，j ~Z 

( i = lepton parentage， and j = lepton claos ). 

(6.3) 

This is the weighted average where !i，i is the fraction of leptons passing the PT cut at 

the ISAJET generator leveF and fi is the efficiencies for leptons extracted from top 

Monte Carlo. The summation runs over i's， three lepton origins which are W， b and T 

and over j's， five lepton classes which are tight CE， loose C}~ ， PE， MU and MI. The last 

term (ε~ata /εダC)is a correction factor to account for the difference between data and 

Monte Carlo reconstruction. This ratio is determined from the Z decays to dileptons for 

both data and Monte Carlo events. 

6.2.1 Lepton identification efliciency frODrl Z events 

First， we determine the lepton selection efficiency(ε~ata) usi:ng a 

ZO decays in data. We select the sample of ZO events by rtequiring a lepton candidate 

passing the selection criteria and another clu批 r{or track for a muon) such that the 

lepton paIr form a mass between 75 Ge V / c2 and 105 Ge V / c2
• The efficiency is measured 

by looking at whether the second lepton passes the cuts or not and the efficiency ratio 

is defined as r={number of electrons passed cut) / (number of electron te批 d). For 

events with two central electrons (CE-CE) and with two CMUO's (MU-MU)， in order 

to prope均 takeinto account the combinatorics， the effiiciency is ε= 2r/{1 + r) as 

describe below， wheres we have simply ε= r for the plug electron and the Ml's. 

The following efficiency calculations rely on a simple probability argument that lep-

2Strictly speaking， we took the matching inη-o of particles between ISAJET generator level and 
simulated particle as mentioned in the previous section， but no lepton ildenti員cationcuts were impωed. 
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tons have two chances to pass the cuts， since real Z →1112 dlecays have two leptons. For 

a cut efficiency of f， then there are four cases: 

-probability of both leptons pass the cut = f2 

-probab出tyof l1 passes叫ん地 thecut =ε(1ーの

-probabil均 of11 fails and 12 passes the cut =ε(1-ε) 

-probabilty of neither lepton passes the cut = (1 -ε)2 

Let N be the number of events inside the mass window with at least one tight elec-

tron， N1 the number of events with both leptons passing th.e tight cuts， N a the number 

of events in which both leptons pass the cut i. The number of Z events in the sample is 

denoted by Nz， which is unknown. We can express， 

N Nzε(2ーの

N1 NZf2 

N Nzε(2εε) 

Solving these equations3 ， 

The efficiency for the individual cuts are 

and the overall efficiency is 

N1 + Na 

fa = N + N
1 

2N1 
εα11 二 N+N1 •

3Eq. (1.6) can be obtainedas follows. The efficiency that a pos岳山i

(6.4) 

(6.5) 

(6.6) 

expr陀es鎚sedasε釘dεNzand the e侃ciencyfor an eledron白 f釘dεNz泊 thesame way. Here we should note 
that the events which p闘 botheledron and positron pωs the cut i are counted twice (=f"2 N). Thus， 
we obtain (2 xω -f"2)Nz・
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The statistical error on this efficiency， given by binominal otatiotics， io 

6f.' = 

The efficiencies ior the loose selection cuts are calculated oIJmilarly. Oi course， the indi-

vidual cut efficiencies remain the same U the cut is the o&mι; only the total efficiencies 

change. 

Central electrons 

The efficiency is determined irom a data sample oi ZO→ee. The event must contain one 

tight central electron which passes the electron identification cuts listed in Table 4.1 and 

be in side the fiducial region. In addition， a second central cluster is required to pass 

cuts: ET >20 GeV and a track pointing to it with PT >10 GeV /c. There remains 509 

events. The sample contains 394 events which both electrons pass the tight cuts， and 

of the type tight-tight and 450 events which one pass tight iwd the other pass our loose 

selection cuts. The central electron identification effiicencies for the different selections 

are summarIzed in Table 6.3. They are measured to be 87.J:土1.1% and 93.8土 0.8% 

for the tight and loose selection criteria， excluding about 4'7<> loss oi electrons associated 

with the conversion removal. 

Plug electrons PE 

The plug electron ID e缶ciencywas measured using ZO → ~ee ， where one electron is in 

the central region satisfying with the tight selection criteria and the other in the plug 

satisfying ET >20 GeV and the isolation measured in the calorimeter is less than 0.1. 

Our sample consists of 115 tight-loose Z's. For this sample:， a three-dimensional track 

requirement on plug electrons was imposed. Qnlyabout 1/3 of the total CE-PE Z events 

pass this requirement. The track requirement is taken as a. fiducial cut， and absorbed 

as part of the geometrical acceptance in the calculation of the top detection efficiency. 
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Cut Ni εData εMC 

(tight cut) 

HAD/EM < 0.05 484 0.972土 0.005 0.837 

E/P < 2.0 478 0.966土 0.006 0.983 

ムx< 1.5 cm 466 0.952土 0.007 0.990 
sz < 3.0 cm 500 0.990土 0.003 0.988 

χ2(Strip) < 15. 489 0.978土 0.005 0.994 

L8hrく 0.2 504 0.994土 0.002 1.000 
Total (tight) 394 0.873土 0.011 0.802 

(loose cut) 

HAD /EM < 0.055 + 0.045ET /100 504 0.994土 0.002 0.936 

E/P < 4.0 509 1.000土 0.000 0.998 

sx < 1.5 cm 466 0.952士0.007 0.998 

sz < 3.0 cm 500 0.990士0.003 0.988 

L8hr < 0.2 504 0.994士0.002 1.000 

Total (100吋 450 0.938土 0.008 0.909 

Table 6.3: Central electron selection efficiency irom Z → lee in data. Both tight and 
loose selection efficiencies are listed. Efficiencies calculated f'rom Z Monte Carlo are &180 
shown in the last column 
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The plug electron isolation efficiency ior the top quark io elstimated irom the tf Monte 

Carlo. The efficiencies are summarIzed in Table 6.4 and the overall efficiency is iound 

to be 85.2土 0.03%. 
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Table 6.4: Plug electron selection effidency 

Central muons MU  

From a sample oi ZO→ μμevents， the efficiencies ior the miIlumum ioruzing and a match 

between the CTC track and the muon charnber track was determined. The number oi 

events in the sample is 394 events. The efficiency is summarised in Table 6.5 and the 

The efficiency of the track overall selection efficiency is estirnated to be 92.6土0.1%.

quality requirement is measured to be 0.99土0.1% using a salnple oi electron tracks irom 

W→ ev decays. Since the rnatching between a CTC track and a muon segment track is 

quite efficient( >0.99)， the selection efficiency for CMIO is almost equal to the one ior 

CMUOs. The CMIO efficiency can be obtained irom table 6.5 by removing the sz cut. 

We also calculated the muon selection efficiency for Monte Carlo events and results 

are shown in Table 6.5. 

Carlo Efficiency calculation from top MOlllte 6.2.2 

We can 

N ext step is to extract lepton identi五cation

At this point we calculated the lepton selection efficiencie:s using Z events. 

compute the correction factor in eq. 6.3. 
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cut Ni εDoto εMC  

EM 368 0.965土 0.007 0.996 
HAD 385 0.993土 0.005 0.982 

EM+HAD 392 0.997土 0.002 1.000 
dX 393 0.999土 0.001 1.000 

340 0.926土 0.010 0.977 

Table 6.5: Central muon selection e:fficiency from Z → μμ. E:fficiencies from Z Monte 
Carlo are also shown. 

efficiencies from the top Monte Carlo events. DistributionSi for identification variables 

were shown in Figure 4.3・ 4.8.

εw εb εT εtotal 
CE(tight) 0.794土 0.009 0.114士0.016 0.822土 10.036 0.670土 0.014
CE(loose) 0.872土 0.006 0.156土 0.017 0.854土 10.028 0.739士0.014

PE 0.627土 0.022 0.092士0.051 0.454土 10.122 0.520土 0.022
MU 0.924土 0.003 0.213土 0.020 0.885土 10.020 0.775士0.015
MI 0.893土 0.010 0.131土 0.043 0.829土 10.064 0.732土 0.018

Table 6.6: Single lepton identification e:fficiency extracted from top Monte Carlo. Errors 
are statistical only. 

In Table 6.6 we give the single lepton e:fficiencies (εi in E~q. 6.3) of the 3 sources and 

5 classes of leptons4 for Mtop= 140 Ge V j c2 for instance to illustrate how the e:fficiencies 

are calculated. The fractions fw， fb and ιdepend slightly on the top mass and on the 

rapidity of the leptons considered. For Mtop = 140 GeV jc2 and for central electrons， 

the fractions are fw=0.767土0.013，fb=0.185土0.012，and ι=10.049土0.007.The e:fficiency 

for the single central electron is calculated using these fra.ctions and the first row in 

4Correction factors to account for the difference between Monte Carlo and real data are aheady 
induded in these numbers. 
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Table 6.6 as iollows: 

fwεW+fb匂 +fr烏

0.767 x 0.794 + 0.207 x 0.114 + 0.04l9 x 0.822 

0.670 

Similarly， the iractions for the muons are fw=0.746土0.013，fb=0.207土0.012，and fr=0.048土0.007.

The efficienciesε( class，W)，ε(class，b) and ε(cla爪 T)includ.e a small correction iactor 

which accounts for the difference between real data and Monte Carlo. We find the ratios 

(el]ata IεダC)to be 1.04， 0.99， 1.08， and 0.95 for the tight CE" loose CE， PE， and MU IMI 

lepton classes， respectively. In addition， central electron effidencies have been degraded 

by 4% to account for losses due to the conversion cuts. 

The totallepton identification efficiency in dilepton events is obtained by summing 

over the eight dilepton categories. It is given in table 6.jr. The entries in table 6.7 

are products of the single lepton efficiencies of table 6.6， except for the CE・CEcase 

where the formula ε=ε柑 lt(2εloose一ε柑 lt)was used to take into account correlations 

between tight and loose central electron cuts. Figure 6.7 shows the plot of the lepton 

identification efficiency as a function of top mass. It can be seen that the efficiency 

is constant， as we expect， if we count only leptons coming irom the decay of W. The 

efficiency is decreasing， ii we count all the lepton contributions to the efficiency， because 

the iraction of having leptons irom b-decays is increasing as a function oi the top mass， 

and also because leptons from b-decay are less likely to pass identification cuts. 

In table 6ムtheMI efficiency is low by two sigma (4%) cOInpared with the mωn(MU)， 

although these efficiencies are expected to be equal. We believe this could be a statistical 

fluctuation， with negligible effect in the overall detection e妊lClency.
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εID 

Mtop 100 120 140 160 
CE-CE 0.625土 0.017 0.577土 0.019 0.494土 01.014 0.441土 0.013
CE-MU 0.657土 0.017 0.612土 0.019 0.519土 01.015 0.463士0.013
CE-MI 0.631土 0.018 0.596土 0.022 0.490土 01.016 0.451土 0.014
CE-PE 0.451土 0.020 0.438土 0.027 0.341土 01.016 0.333土 0.016
MU-MU 0.782土 0.018 0.724土 0.019 0.601士01.016 0.550土 0.014
MU-MI 0.751土 0.020 0.705土 0.023 0.568土 01.018 0.536土 0.016
MU-PE 0.537土 0.023 0.518土 0.031 0.394土 01.019 0.396土 0.019
PE-MI 0.516土 0.023 0.505土 0.032 0.372土 01.019 0.386土 0.019

Table 6.7: The lepton selection efficiency for the top mass IIom 100-160 GeV /c2
• Errors 

are statistical only. 

6.3 Isolation 

The dilepton isolation efficIencIes shown in table 6.8， are the IIactions of dilepton events 

passing the PT and lepton ID cuts， which also pass the isolation cuts. The isolation cut is 

very efficient because we require only one central isolated lepton in the tracking chamber 

for the CECE，CEMU ，MUMU categories， which account for 82% of the acceptance for 

Mtop = 140 GeV / c2 • In addition to requiring at least one CE， MU or MI isolated in 

the tracking chamber， for the CE-MI， CE-PE， MU-MI， MU-PE， and PE-MI categories 

(18% of the acceptanc 

resulting in a lower isolation ef侃ficiencyfor these categories. 

6.4 Event toplogy cuts 

The efficiency for event topology cuts (ε…tt) is the企actioIlLof dilepton events passing 

the PT and isolation cuts which also pass the following cuts combined: opposite-sign， 

invariant mass， and missing ET (both magnitude and direction). See table 6.9. For Mtop 

== 160 Ge V / c2， the efficiencies of the opposite-sign and mi:ssing ET cuts are 94% and 
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ε001 
Mtop 100 120 140 160 

CE-CE 0.989土 0.008 0.973土 0.011 0.984土 01.008 0.988土 0.007
CE-MU 0.989土 0.005 0.986土 0.005 0.980土 01.006 0.975土 0.006
CE-MI 0.812土 0.036 0.830土 0.032 0.839土 01.030 0.782土 0.033
CE-PE 0.889土 0.105 1.000土 0.000 0.867土 01.088 0.842土 0.084
MU-MU 0.979土 0.009 0.982土 0.008 0.980土 01.008 0.988士0.006
MU-MI 0.880土 0.036 0.856土 0.037 0.875土 01.029 0.831土 0.035
MU-PE 0.955土 0.044 0.824土 0.092 0.704土 01.088 0.926土 0.050
PE-MI 0.875土 0.117 1.000土 0.000 0.875土 01.117 1.000土 0.000
Total 0.959士0.006 0.955士0.006 0.951土 0.006 0.947士0.006

Table 6.8: Isolation cut efficiency for the top masses:100-160 GeV /c2
• Errors are 山 tis-

tical only. 

76%， respectively. The invariant mass cut applied in the ee and μμchannels is 80% 

efficient. The combined efficiency of the three cuts on dilep1:ons is εevent = 69%. 

6.5 Two-jet cut 

We investigated the efficiency for the two-jet cut in section 5.7 to determine the jet ET 

thresholds. The reasult was tabulated in Table 5.2. Jet mtutiplicity and ET spectrum 

are affected by Monte Carlo assumptions about gluon radiation. ISAJET tt Monte 

Carlo generator includes radiation of gluons from the initial-and final-state partons. 

Emmisions of these gluons increases the jet multiplicity eLnd therefore increases the 

efficiency of the number-of-jets requirement. For Mt叩 =120GeV c2， approximately 30 % 

of the jets passing the selection cuts are due to gluon radiation. 

To get around the problem of the poorly known effects due to the gluon radiation， 

we calculated the efficiency (εTwo-jet) li批 din Table 5.2 in the following manner. 

εTwo-jet = 1/2 (ε目。-jet+εpc:-jd)l， (6.7) 
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100 120 140 160 
CE-CE 0.52土 0.04 0.55土 0.03 0.59土 0.03 0.57土 0.03
CE-MU 0.73土 0.02 0.71土 0.02 0.75土 0.02 0.75土 0.02
CE-MI 0.71土 0.05 0.67土 0.04 0.78土 0.03 0.71土 0.04
CE-PE 0.50土 0.18 0.59土 0.12 0.69土 0.13 0.50土 0.13
MU-MU 0.61土 0.03 0.61土 0.03 0.54土 0.03 0.58土 0.03
MU-MI 0.60土 0.06 0.58土 0.06 0.50土 0.05 0.55土 0.05
MU-PE 0.71土 0.10 0.64土 0.13 0.89土 0.07 0.76土 0.09
PE-MI 0.71土 0.17 0.86土 0.13 0.86土 0.13 1.0土 0.00

Total 0.659土 0.014 0.662土 0.013 0.690士01.012 0.688土 0.012

Table 6.9: The combined efficiency of the dilepton charge， ilnvariant mass， and missing 
ET cuts for top masses from 100-160 Ge V j c2

• Errors are stla.tistical only. 

where ε~~o-jet is the two-jet cut efficiency with the default ISAJET， and εPCLjet is 

computed by disabling gluon radiation in ISAJET. Thus， we define the efficiency as a 

mean value of both numbers. We have also checked the jet lmultiplicity using HERWIG 

Monte Carlo generator [49] and found that 73.9土 2.8% of top Monte Carlo events of 

140 GeV jc2 were satisfied with the two-jet requirement. This result is consistent with 

the ISAJET average of 75.1士1.0%. 

6.6 Trigger 

Efficiencies of single electron or muon triggers are calculated as shown in Table 6.10 

IIom data using independent triggers [42]. 

Trigger Electron Muon 

Level 1 99.2土 0.08 94.9931; 
Level 2 93.5土 0.3 93.68:!:~:~~ 
Leve13 97.4土 0.2 97.7土 OJi

Table 6.10: Single lepton trigger efficiency at ea~ch trigger level 
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Dilepton events are collected with two of any high PT single lepton triggers. The 

trigger efficiency for dilepton events is evaluated using the tligger efficiency for inclusive 

lepton trigger. The trigger effficiency for the dilepton eventl! is calculated ao is 1-11・12，

where 111 and 12 are the separate probab出tiesfor failing tlbe first and second triggers， 

respectively. In case of having no trigger ior one of two leptons， for instance ior CMIO， 

f is set to be 1. A summary of dilepton trigger efficiencies i!1 shown in Table 6.11. 

εtrigger 

Mtop 100 120 140 160 

CE-CE 0.993 0.993 0.993 0.l993 

CE-MU 0.989 0.989 0.989 0.989 

CE-MI 0.916 0.916 0.916 0.~916 

CE-PE 0.983 0.983 0.979 0.l983 

MU-MU 0.983 0.983 0.983 0.~983 

MU-MI 0.869 0.869 0.869 0.869 

MU-PE 0.973 0.974 0.967 0.~973 

PE-MI 0.797 0.803 0.745 0.'797 

Total 0.972 0.974 0.972 0.!~76 

Table 6.11: Trigger efficiency 

6. 7 Total detection efficiency 

Table 6.12 shows the detection efficiency as a function of top mass for each dilepton 

category. The sums over dilepton categories are also provided. Efficiency plots before 

a) the two-jet cut， and b) after the additional two-jet cut， are shown in Figures 6.10 

and 6.11. respectively. In table 6.13 a rundown is given of elJl the individual efficiencies 

which contribute to the total detection efficiency for a top mass of 140 Ge V / c?-. 

The total detection efficiency as a function of the top mass: rema.ins relatively constant 

as the top mass increases because the decrease in the the lepton detection efficiency with 

mass is compensated by the rising acceptance due to geometrical and PT cuts. 
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εtotal 

Mtop 100 120 140 160 180 
CE-CE 0.007 0.016 0.024 0..024 0.028 
CE-MU 0.020 0.047 0.062 0.078 0.080 
CE-MI 0.004 0.008 0.012 0.，010 0.011 
CE-PE 0.001 0.002 0.002 0.，002 0.002 
MU-MU 0.008 0.018 0.021 0.029 0.032 
MU-MI 0.002 0.004 0.006 0.007 0.010 
MU-PE 0.002 0.002 0.003 0.004 0.005 
PE-MI 0.000 0.001 0.001 0.001 0.001 
Total 0.044 0.098 0.132 0.154 0.169 

Total(no jet cut) 0.135 0.156 0.175 0.184 0.192 

Table 6.12: Total efficiency 

εgeom.PT ε10 ε1801 εevent εtwo-jet. εTrigger εtotal 

CE-CE 11.2 54.1 98.8 59.1 75.1 99.3 2.6 
CE-MU 21.8 51.9 98.3 75.1 75.1 98.9 6.2 
CE-MI 5.4 49.0 84.6 78.3 75.1 91.6 1.2 
CE-PE 1.4 34.1 85.7 66.7 75.1 97.9 0.2 
MU-MU 8.9 60.1 98.4 54.0 75.1 98.3 2.1 

MU-MI 3.8 56.8 87.7 50.2 75.1 86.9 0.6 

MU-PE 1.7 39.4 79.5 87.1 75.1 96.7 0.3 
PE-MI 0.4 37.2 91.7 90.9 75.1 74.5 0.1 

Total (%) 54.7 52.8 95.4 69.4 75.1 97.3 13.4 

Table 6.13: Dilepton efficiency for a top mass of 140 Ge V / c2 
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6.8 Systematic uncertainties 

We describe systematic uncertainties of the dilepton analysiis in this section. The basic 

idea to estimate these errors are to compare the different ge:nerator or simulator and to 

measure the varIation by chaanging the parameters. 

Acceptance due to geometrical and PT cuts 

Here， one source of systematic uncertainty is the modeling of initi&1 state radiation. 

lnitial state radiation affects the motion oi the tt system l8Jld hence the rapidity and 

transverse momentum distributions oi the top quark decay products. This effect can be 

studied by turning on and off gluon radiation in ISAJET. Another systematic uncertainty 

results Ilom the choice oi structure iunctions. Our estimate is 3% ior the tot&1 systematic 

uncertainty on the geometrical and kinematical acceptance. 

Lepton identification 

We extracted the lepton identification efficiencies irom th~e tt Monte Carlo， together 

with Z events in data to correct ior the difference between data and Monte Carlo. 

U ncertainties depend largely on how the Monte Carlo models the tt production and 

decay. Detector simulation affects lepton identification. Her<<~ ， we take hali the difference 

between the resu1t obtained irom two different simulations oi the CDF detector; this is 

5%. The modeling oi gluon radiation affects the isolation. properties oi the leptons， 

and hence their identification efficiency. We studied this effect by turning on and off 

gluon radiation in ISAJET， and taking hali the difference in the corresponding lepton 

identification efficiencies as systematic uncertainty. This gives 2.4%. Since these two 

contributions are clearly independent， the systematic uncerta.inty on lepton identification 

is 2.4% ED 5% = 6%. 

Isolation 

The technique ior determining the systematic uncertainty on lepton isolation is the same 

as ior lepton identification. The effect due to gluon radiation and detector simulation 

are both 1 %. Hence the combined systematic uncertainty is conservatively 1% ED 1% = 

2%. We have also investigated the uncertainty due to the Íla~gmentation model ISAJET 
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iragments qua.rks according to the Peterson iragmentation 1:unction: 

D(z)=l/zx(l-l/z-ε/(1 -z))-2 

where z is the iraction of the qua.rk momentum ca.rried by the pa.rticle (usually a meson) 

that contains the qua.rk. The pa.rameterεfor top qurk in ISAJET defa叫tsto 0ふ We

have changed εto 0.2 and 1.5 and generated samples of top l¥fonte Carlo with Mt叩 =140

Ge V / c2
• As a resu1t， no signi五cantchange was observed. 

Trigger 

Errors of each single lepton trigger efficiency are propagated to the total detection effi-

ciency， which result in observation of less than 1%. 

Jet 

In case of requiring the two-jet cut， we have to take into account systematic uncertainty 

due to jets and this arises the largest contribution. 

U ncertainties in the understanding of the jet energy sc~ùe and the gluon radiation 

紅 ere:Bected in an uncertainty in the total detection efficiency in case of requiring the 

two-jet cuts in the analysis， where we require that there are at least two jets with ET 

> 10 Ge V. The energy scale is estimated to be士 10%for jets of ET nea.r 10 GeV. A土

10 % uncertainty in the jet energy scale， which depends on Mt叩， results in the change 

of detection efficiency by土 1.3(Mt叩 =160GeV /2)・ 5.0(Mt叩 =100GeV /2). 

The ISAJET Monte Carlo generator includes radiation of gluons irom the initial-

and final state-partons. These radiations increases the jet multiplicity， which results in 

increasing th efficiency of the number-of-jet requirement. W'e estimate that f'V 20・30%

of jets in the tl eventscoming from gluon radiation. Disabling gluon radiation in ISAJET 

decreases the efficiency of the jet mu1tiplicity requirement by 6.4% for Mt叩 =140GeV2
• 

Others 

To measure some of the efficiencies， we depend much on Monte Caro. This is about 3 

%. 

We also take the 10% uncertainty in luminosity measurement. 
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Table 6.14: Summary oi uncertainties in the acceptance calculation. 

Uncertainty source 

Geometrica1 and PT cuts 
Lepton detection 

(a) gluon r“iation 
(b) simulation 

Isolation 

( a) gluon radiation 

(b) simulation 

Calorimeter(jet) energy scale 
on the missing ET 
MC statistics 

凶
一
%

c
-
3
 

知一O
 

N
 

:2.4% 
5% 

%
%
%
 

唱

i
唱

i
n
4

3% 

To obtain the error in the expected number of events wle have added the statistical 

error in quadrature with the systematic error. A systematic error of 13% is used except 

for the calculation of the two jet effi.ciency cut. The later systematic error depends 

on two iactors the gluon radiation and the jet energy scaJ.e. The error due to gluon 

radiation is obtained by turning off the gluon radiation in. ISAJET. We use ha1i the 

difference between on and off as the sigma for the gluon radliation. By changing the jet 

energy scale by士 10%we determine the systematic error i:n the jet energy scale. The 

systematic error is a function of the top quark mass and is !9ven in table 6.15. 
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Systematic error in ftoω(%) 
13% error in quadrature with error on jets 

Mtop 100 120 1ilO 160 

Gluon radiation 36.3 12.1 6.4 2.9 
Energy scale 5.0 3.6 2.2 1.3 

Other irom table above 8 8 8 8 

total 38 15 10 9 

Table 6.15: Systematic uncertainty in the two-jet cut 
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Chapter 7 

Background studies 

Thls section determines contributions of several background processes to our selection 

criteria. The main background processes which we consider，ed are heavy flavor produc-

tion of bb and cc， Z → TT， Drell-Yan and WW  jWZ productions. Monte Carlo technique 

was used to estimate these backgrounds. For Z → TT and Drell-Yan processes， we use 

Z events in data to minimize the uncertainties coming from Monte Carlo modeling. 

The background contribution from the particle misidentHication is also considered. 

7.1 Dielectron and Dimuon Backgrounds from Drell-

Yan 

Events containing a γjZO decaying into an e+ e-orμ+μ一paircontribute to the back-

ground to the top signal. Although events in the Z mass window between 75 and 105 

GeV jc2 are explicit1y removed from the signel region， Drell-Yan continuum events out-

side the window are potential backgrounds. 

We use the observed ZO→ ee，and μμdistributions to estimate the background from 

the continuum. Since the modeling of the tail of the PT distribution is important， it is 

desirable to be independent of the Monte Carlo prediction. Our initial 8.8sumption is 

that the p;"ZU distributions inside and near the ZO rゆonare similar. Figure 7.1 shows 

146 



Cut N umber of Events Fraction 

Z events 1151 100% 

1T (uncorr) > 20GeV 32 2.8% 

1T (corr) > 20GeV 27 2.3% 

d) 1T (uncorr) > 25Ge V 16 1.4% 

1T (corr) > 25GeV 9 0.8% 

e) +ムゆ(1TJet)cut 4 0.3% 

f) +ムゆ(1T，1)cut 3 0.3% 

h) g) + 1 or more jets w/ ET>10 3 0.3% 

g) + 2 or more jets w/ ET>10 1 0.1% 

Table 7.1: Cut rejections. Each line is an indlependent cut. 

the p:;.，zo distribution from ISAJET Monte Carlo1 for near Z mass peak (75 <M山 一 or

105 <U川一)and inside Z mass region. ISAJET Monte Carlo predicts that there is a 

slight stiffening with increasing mass in the p:pz which couJld lead to an overestimate of 

the background. When looking at P:;"z in data， it turns out that the P:;"z distribution 

has no mass dependence inside and outside Z mass region as shown in Figure 7.2， and our 

assumption is verified. We also note that the ISAJET Monte Carlo does not reproduce 

the jet mu1tiplicity in Z events as shown in Figure 7.3. F'or these reasons， Drell-Yan 

background is estimated from Z events in data rather tha.n using Monte Carlo. The 

method consists of (1) the determination of the rejection factors， which are applied to 

the Drell-Yan events outside the Z-window， for the missing ET and jet cuts obtained 

from Z events; follwed by (2) applying a small Monte Carlo correction to account for 

the mass dependence of the PT and jet activity. 

We exploited in section 5.6 that both the magnitude and direction of the missing ET 

are the usefu1 variables. We require that the missing ET must be greater than 25 Ge V， 

and also that the direction of the missing ET must be separa.ted from a jet by more than 

200， if the missing ET is less than 50 GeV. Table 7.1 summarizes how the events inside 

Z mass region (1151 events) are reduced by each selection cut. In the table， fraction 

1 We have used version 6.36 of ISAJET Monte Carloもogenerate th，e Drell-Yan process. 

147 



M代GeV)I PT> 15GeV PT> 20GeV P'r > 30GeV 
(x 10-2) (x10-2) (x10-3

) 

40.0 1.832 0.992 2.824 

60.0 2.500 1.184 3.947 
80.0 3.133 1.533 5.533 
100.0 3.333 1.594 5.217 
120.0 3.889 1.944 5.833 
200.0 5.6 

300.0 8.5 

Table 7.2: Effi.ciencies of having two or more jets with different parton PT threshold 

with Drell-Yan masses. 

of passing different missing ET cuts are shown and the missing ET corrected for jets 

gives better rejection by a factor of two in case of the missing ET >25 GeV. The latter 

cut helps reduce Drell-Yan background since the large missing ET often arizes from 

mismeasurement of hadronic jets.. The definition of the cut was chosen from looking 

at Figure 5.9 (a) and (b) for Z + 1 jet events. Also shown in the table is the rejection 

factor for the jet requirement. 

Next， the missing ET and jet rejection factors obtained from Z events are corrected 

for mass dependence due to small changes in PT and jet a.ctivity. We use two-jet cut 

effi.ciencies as a function of mass from a boson+2 jet matrix element Monte Carlo [43]. 

Table 7.2 tabulates the fraction of γjZO events with two jets of PT larger than the 

indicated value. N ote that these are parton PT 's. The 15 Ge V column corresponds to 

10 Ge V jets before correction. We find that for our cuts， using the jet activity from 

ZO events and assigning it to events outside the ZO mass window requires a correction 

factor2 of 0.87. Even though we only use the mass dependlence， and not the absolute 

prediction of Mangano's boson + 2 jet matrix element Monte Carlo， it is interesting to 

2Using the first column of Table 7.2， we calculate the correction factor as follows. For a 20 GeV 
lepton PT cut， 88 events have a mass less than 75 GeV and the average mass for these events白 56GeV 
which corresponds to El = 2.35%， 35 events have a mass above 105 Ge V and the average mass forもhese
events is 133 GeV which corresponds to E3 = 4.1%， and events inside Z mass region correspond to E2 = 
3.2%. 50 El :匂 E3= 0.7 : 1.0 : 1.3 and the correction白 (88x 0.7 + 35 x 1.3)/(88 + 35) = 0.87. 
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Lepton PT cut I Beiore twかjet EF>10 GeV 

(15，15) I 0.46士0.27 0.15土 0.15
(20，20) I 0.28土0.17 0.10土 0.10

Table 7.3: Number of events expected from Drell..Yan background. 

note that the values predicted are somewhat low. In fact， <lTnly about 3.2% of Z events 

are predicted to have two jets with PT > 15 Ge V at the gene1l'ator level. After simulation 

and reconstruction this would translate into 2% or less for llm uncorrected jet threshold 

of 10 GeV， to be compared with 4.1土0.6%in Z data. 

The backgrounds before the two-jet cut are based on th(~ three events left in our se-

lection criteria. Only one of these events satisfies the two-jet requirement. The numbers 

of events expected from the Drell-Yan background in 21.4 pb-1 are listed in Table 7.3. 

for different choices of PT cut and two-jet cut. The correction factor is applied. 

After the signal cuts， including the two-jet cut， there is one event in the Z-region. 

When scaled back， this gives a background expectation of 0.10土 0.10events in the top 

必leptonsignal region. 

7.2 Zo→ TT 

Rather than using a Monte Carlo to estimate the ZO→ γT background， we have used 

our data sample of 1113γ/ZO→ e e events.A sample of Z → TT [44] was simulated as 

follows: In each event we remove the two electrons from the 4event and then replace each 

electron with a T which has the same momenta and energy as the electon removed. The 

T'S are then decayed semileptonically and simulated with th，e CDF detector simulation. 

Finally we merge the reconstructed T'S to the underlying 4event which is the original 

event with the two electron removed. We repeated this procedure 80 times for 1113 

events to get a better statistics. 

ISAJET Monte Carlo together with a simulation of the CDF detector was used to 
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Cut Mass window h. Two-jet 
Our sample 0.89 0.1:5 0.31 
ISAJET QTW =0 0.97 0.11 0.67 
ISAJET QTW =3-200 0.93 0.06 0.67 
ISAJET QTW=7-200 0.96 0.11 0.69 

Table 7.4: Event topology cut efficiencies for the ZO→ TT  background with a (20，20) 
PT cut. 

Lepton PT EFt eμ ee，μμ Total 

20 GeV 0.22土0.04 0.20土o.o，~ 0.42土0.08

20 GeV >10 GeV 0.07土0.02 0.06土0.0:2 0.13土0.04

15 GeV 0.56土0.08 0.55土0.0'7 1.11土0.15

15 GeV >10 GeV 0.17士0.04 0.17士0.04 0.34土0.07

Table 7.5: Number of events expected from the Z → TT background in 21.4 pb-1 with 

di:fferent lepton PT， and with and without the twかjetrequire~ment. Errors are statistical 

only. 
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generate three set of samples with di宜erentvalues of the ISAJET parameter QTW3 which 

governs the transverse momentum of the Z. These samples wt~re used for comparIson with 

our results. 

The event topology cut e伍cienciesextracted from these :simulation sample are given 

in table 7.4. In order to reduce the Z →rr background， we~ have developed the similar 

cut as used for the Drell-Yan process. As discussed in Section 5.6， the missing ET 

direction must be more than 200 away frorn a lepton， since it is expected to be aligned 

with one of leptons as illustrated in Figure 5.9 (a) and (b). In addition， if we require 

two or more jets， this background can be further reduced by a factor of three or more. 

The fractions are shown in Table 7.4. 

The overall yields were norrnalized by taking the Z → γT cross section to be equal 

to the Z → ee cross section rneasured at CDF [45]， and a branching fraction of the T 

pair into dileptons B = (0.178 X 2)2 = 0.127. The nurnber of events we expect in 21.4 

pb-1 is given in table 7ふ

7.3 Background from WW  and W'Z 

The detection efficiency was calculated in the same way as was done for the tl signal， 

which is described in Chapter 6. As before， ISAJET Monte C，arlo generator together with 

a simulation of CDF detector was used to determine the geometrical and kinematical 

acceptance， the efficiency of the lepton isolation cuts， and the efficiency of the combined 

missing ET， invariant rnass， and two-jet cuts. We used lepton identification efficiencies 

from Z and trigger eficiencies measured in data collected with independent triggers. 

These efficiencies are shown in Table 7.6 

The cross sections used to norrnalize the diboson expectations are taken from Ref-

3The ISAJET parameter QTW selects Z Pt limits for Z and γ. A c:hoice of QTW equal to 0 wo叫d
select lowest order Drel1 Yan process with the parentγor Z Pt originating from initial state radiation. 
A choice of a non-zero QTW seled next-to-leading order Drel1-Yan proces舵 sto generate the parentγ 
or Z PT. 
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Efficiency (%) I Geom. PT ID Isol Event Two-jet Trigger Total(εToω) 
WW  26.3 98.9 76.3 60.5 13.1 97.1 1.5土0.6
WZ 25.3 99.4 76.3 13.2 13.1 97.3 1.3土0.5

Table 7.6: Detection efficiency for WW  and WZ with a twかjetrequirement 

Lepton PT thresh. Jet Er thresh. eμ ee，μμ Total 

20 GeV None 0.74土0.22 0..43土0.13 1.17土0.35
20 GeV 10 GeV 0.097士0.041 0.057土0.024 0.15土0.06
15 GeV None 0.86土0.26 0.51土0.15 1.37土0.41
15 GeV 10 GeV 0.11士0.05 。ゆ07土0.03 0.18士0.08

Table 7.7: Number of WW  events expected in 21.4 pb-1
• 

erence [47]: 9.5 pb for WW  and 2.5 for WZ. We assigned a， 30% of uncertainty due to 

theoretical uncertainties in the cross section. The cross section of background events， 

σ003， is given by: 

σobsσTheory X Br xεTotal， 

where σTheory is the theoretical cross section and εTotal IS the total detection efficiency 

1isted in Table 7.6. 

Contributions of WW  background to the selection criteria are 1.17土0.35and 0.15土0.06

events before and after the two-jet requirement. The number of WW  background events 

expected for different lepton PT and the jet ET is summariz，ed in Table 7.7. 

Our estimation using ISAJET Monte Carlo predicts that the 13 % of WW  events 

contain two or more jets with the observed ET with 10 GE~V. Since the ISAJET pre-

scription for gluon radiation is esentially unconfirmed， we checked the twかjetrejection 

factor by examining a matrix element Monte Carlo [43]， as was done for the Drell-Yan 

background. It can be seen from Table 7.2 that the efficiency of the twかjetrequirement 

should be approximately 2.7 times higher at typical WW  subprocess energies of 300 GeV 

than at subprocess energies of 90 GeV. We can use this Monte Carlo shape for the mass 
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varIation and we can use Z data at 90 GeV for ca1ibration. The data show that 4.1土

0.6 % of Z events have two jets above 10 GeV. Therefore the twかjetcut efficiency for 

WW  can be estimated &s 2.7x4.1%=11%. Since the agreelment between this estimate 

and ISAJET is good， we simply use the ISAJET two-jet cut efficiency and &Ssign a 30% 

systematic uncertainty on it. 

7.4 Background from heavy ftavor production (bb) 

Heavy :flavor backgrounds， mostly bb， have been studied using ISAJET Monte Carlo 

program to model the production processes， together with the CLEO Monte Carlo to 

model b quark decays， as brie:fly described in section 3.1. An integrated luminosity of 67.5 

pb-1 of bb Monte Carlo samples have been generated for studies of high PT leptons from 

B decays as a background in top searches [46]. Basic idea to estimate bb backgrounds is 

that we obtain the rejection factor due to event topology and two jet requirement using 

a sample of dilepton events with PT > 15 Ge V / c， which has iB. higher statistics， and that 

the number of events with PT >20 GeV /c is used to determjne the norma.lization. 

The reduction factors for each cuts was determined as foUows. At first， the reduction 

factor for the missing ET requirement(>25 GeV) is 0.14土0.06.The correlation between 

~T and lepton PT was checked by varying the PT of one of the leptons to 17， 19， and 

21 Ge V / c. A 30% change was observed and this contrib凶 esthe major part of the 

uncertainty assigned to the rejection factor for ~T. The aJ~imutha.l angle requirement 

reduce the events further by 0.56土0.12. No strong correlation w&s observed between 

the lepton PT and the azimuthal angle separation between the missing ET and a closest 

lepton (or jet). Another additional rejection was obtained by requiring two or more jets 

in the events and this was 0.43士0.10.

To determine the number for 21.4 pb-1 of data， we chooBe to norma.lize the number 

of eμevents that pass the (15， 5) cuts with no isolation requirement in 16.3 pb-1 of 

Monte Carlo and 13.1 pb-1 of data. Such data are dominated by eμevents from bb 
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sources and hence they provide a better normalization than using the Monte Carlo cross 

sections. In doing this Monte Carlo to data luminosity normalization， we are taking into 

account possible effects not considered by the Monte Carlo， such as trigger efficiencies. 

The uncertainty on lepton ID efficiencies is reduced to varIations of data to Monte Carlo 

ratio as a function of lepton PT • There are 184 eμevents found in 13.1 pb-1 of data and 

196 events in 16.3 pb-1 of Monte Carlo. In last run's low PT eμanalysis， background in 

the data was determined to be 20土10%.At higher PT， the background IIaction should 

be lower since QCD process in general have a softer PT spectrum than heavyflavor 

production. To be conservative， we use a background IIaction of 20土20%in this study. 

The norma1ization factor is therefore 0.94土0.19.This factor must be divided by 90% 

to account for the inefficiency of the cut in the Monte Carlo generation on b qua.rk PT 

of 25 Ge V， which keeps 90% of the daughter leptons with PT 三15GeV. Combining this 

with the above background estimate， we obtain the background expected in 21.4 pb-1 

of data as given in the following tables. 

The number of background events expected in our data sample is given in table 7.8. 

PT， Iso， Opp-Sgn Cuts 
Additional Missing ET Cut 
Additional Two-Jet Cut 

PT cut at (15，15) lPT cut at (20，20) 
24土5 2.8土0.6

1.91土 0.96 0.22土 0.12
0.83土 0.43 0.10土 0.05

Table 7.8: Number of events expected from bb background for a run of 21.4 pb-1 • 

7.5 Zo→ bb 

ISAJET Monte Carlo generator together with the CDF dete，ctor simulation was used to 

estimate the ZO→bb background. The total of 740 K were generated corresponding to 

組 integratedluminosity of 841 pb-1
• No events were found in the signal region when 
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the nominal cuts (no two jet cut) were applied. This gives a limit oi less than 0.025 

events ior a run oi 21.4 pb-1
• Ii the two jet cut reduces this by a iactor oi 3， as it 

does ior ZO→ TT
4 ， then this background is less than 0.01 .~vents. We thereiore do not 

consider this background iurther. 

7.6 Wbb， Wcc 

We have looked at the background from production oi W's in association with heavy 

quark pairs (Wbb， W cc) via the gluon splitting processes. An integrated luminosity oi 

3700 pb-1 oi events were generated with the leading-order matrix element calculation 

described in [48] and the HERWIG Monte Carlo generator [49] together with the cnF 

detector simulation. This sample was used to compute the 4contribution oi these events 

to the signal region. The cross section， according to rei [48]， is 5勾 b.Figure 7.5 ShOW8 

the lepton PT distribution from the Wbb events. It is obvious that a leading PT lepton 

comes from the decay of W and that a second one with soft PT comes from the decay 

of b. Most of Wbb backgrounds are rejected using large PT • 

No events survived our selection cuts without the two jet cut. This gives us the 

limit of the number of events expected in 21.4 pb-l and it is less than 0.006. The 

sample contains only events with the decay of W into the cf~ntral electron. So， we need 

to take into account events of the W decay into plug electrons and muons. Using W 

Monte Carlo， the ratios of W decaying into central electron(CE)， plug electron(PE) and 

muon(MU) were calculated to be CE : PE : MU = 1 : 0.07 : 0.80. Thus we would 

expect less than 0.011 Wbb events ( = 0.006 x (1 +0.07 +0.810) ) We conclude that this 

background contribution to the signal region is neglegibly srnall. 

431 % of events have two or more jets as seen in section 7.2 
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7. 7 Fake dilepton background 

We consider the “fake dilepton" background: (1) events from ordinary QCD jet or 

W+jets with at least one mi討dentUIedlepton5， (2) conversion electron， and (3)muon 

from hadronic decay in :flight. These events may also have la.rge missing 1T， and maybe 

di侃c叫tto distinguish kinematically from top events. The lllrocedure employed for eoti-

mating the background is to a) estimate the probability of a jet to fake a lepton， b) :find 

how many events with lepton+jet would be in the signal region if the jet faked a lepton， 

and c) multiply the number of events found in b) by the fal~e rates found in a). 

The "fake probability" per lepton is obtained from a background sample of events 

collected with a jet trigger with an ET threshold for the jet of 20 Ge V. Central and plug 

electromagnetic clusters， and lmuon' candidate tracks are selected with mi凶malcuts. 

The probability to pass the standard electron and muon identi:fication is then me8.8ured. 

The fake rates are determined separately for central isolatedl and non-isolated tracks or 

clusters. This separation is necessary because in the dilepton selection， all events are 

required to have at least one central( CE， MU or MI) isola，ted lepton. Fake rates are 

tabulated in Table 7.9. 

When looking through the jet data for jets which fake leptons， we will also :find some 

realleptons from b decay. The effect of this is to increase the fake probability we would 

get from light quark jets alone. It is desirable to use fake probabilities which have the 

contributions from b quarks subtracted. To accomplish this， we refer to a study [50] 

which estimates the b fraction of ELES banks which pass our tight central electron cuto 

to be 46%土8%.We use this number both to scale back the fake probab出tiesfor central 

electrons， and also as an indicator of the number of CMUO banks we should expect from 

b's in the jet data. We mu1tiply the number of central electrons we expect from b decay 

by the ratio of acceptances for CMUO muons and central electrons， and use this 8.8 our 

estimate of the number of CMUO muons we expect from b in the jet data. We do not 

50ne of the partons fragmenting into an electromagnetic rich jet臼iidenti五edas an electron (or stiff 
track， for muons) 



Type Iso? P fake before b subtraction P fake after b subtraction 

CE(tight) yes .075土.028 .059土.028
CE(tight) no .035土.011 .012+.013-.012 

CE(loo吋 yes .150土.041 .132土.040
CE(loose) no .063土.015 .038土.017

MU yes .121土.067 .111土.066
MU no .009土.007 .004+ .007 -.004 

MX  yes .333土.219 .310+.315-.310 
MX  no .071土.055 .052+.055-.052 

MI yes .048土.029 .048土.029
MI no く.013 <.013 

PE yes <.013 く.013

Table 7.9: Fake rates for each lepton category ，before and after b subtraction. 

perform the b subtraction for plug electrons or CMIO muons because we expect the 

calorimeter isolation cuts on these categories to reduce the b contamInation. We don't 

apply the 2 jet cut and opposite sign cuts when counting events which have one good 

lepton and one lepton bank passing the relaxed cuts. Assuming the relaxed lepton track 

is from a hadron， we expect its sign to be uncorrelated with the sign of the good lepton. 

We therefore count both opposite sign and same sign events， and divide by 2 to get the 

expectation for opposite sign alone. There are 15 opposite sign events and 10 same sign 

events. The statistics suffer badly when the 2 jet cut is applied. We have looked at 

W +jet events to find the rejection factor of the 2 jet cut after the other topology cuts 

are applied， and we use this rejection factor to obtain the number of events we expect 

in the signal region. Tables 7.10 and 7.11 show the expected numbers of background 

events for 15-15 and 20-20 lepton Pt cuts， before and after the 2・jetcut is applied. 
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Fake Background in 21.4 pb-1 Before 2:・jetCut 

Category 15 Ge V Lepton PT Cuts 20 Ge V :Lepton PT Cuts 
CE-CE .339土.168 .169土.111
CE-PE く.034 <.033 
MU-MU .140+.257-.140 .073+.238-.073 
MU-MI .091土.064 .022+.038-.022 
CE-MU .385土.300 .111-+.240-.111 
CE-MI .148土.102 .061土.051
PE-MU く.023 く.023
PE-MI く.028 く.028
TOTAL 1.10土.41 .436土.292

SS Data 1 。
Table 7.10: Expected background due to hadron misidenti五cationfor 15 Ge V and 20 
Ge V lepton PT cuts. All cuts except for the 2-jet cut are a.pp1ied. Also shown are the 
number of same-sign events found in the data for these cuts. 

Fake Background in 21.4 pb-1 After 2・jetCut 

Category 15 Ge V Lepton PT Cuts 20 Ge V Lepton PT Cuts 

CE-CE .056土.028 .028土.018
CE-PE く.006 く.005
MU-MU .023+ .042-.023 .012+.039-.012 
MU-MI .015士.010 .004+.006-.004 
CE-MU .063土.049 .018+ .039-.018 
CE-MI .024土.017 .010土.008
PE-MU <.038 く.038
PE-MI く.005 く.005

TOTAL .181土.068 .072土.048

SS Data 。 。
Table 7.11: Expected background due to hadron misidentification for 15 GeV and 20 
Ge V lepton PT cuts after the 2・jetcut is app1ied. Also shovvn are the number of same-
sign events found in the data for these cuts. 
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7.8 Background Summary and ClJlecks 

The number oi background events contributed to our oelection criteria io oumm&rIzed in 

table 7.12. The total background is 0.56土0.14evento after aJ1 cuto and the data yield io 

2 events. When releasing the twcトjetrequirement， weほ pect2.5土0.5evento and oboerve 

(the same) 2 events. 

A better statistics check was done in the eμchannel by lowering the PT threshold to 

15 Ge V and comparing the background prediction with the number oi events observed 

in the data aiter isolation cuts. The dilepton+O jet sample should be dominated by 

background. Our ability to calculate the size of this background is an important check 

on the analysis. Our results are shown in table 7.13. Ther，e is agreement between the 

background prediction and the data. As an additional check of the reliability oi our 

background predictions， we compared the number of same-sign events observed in the 

data with a PT threshold of 15 Ge V aiter isolation cuts， with predictions from fakes and 

bb. We find that the sum of the bb and fake predictions is 19.8土4.0，compared to 10 

same-sign events observed in the data. Again the agreement is good， although there is 

room to believe that our backgrounds could be somewhat overestimated and therefore 

conservative. 
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Without jjT Without All cuts 
and two-jet cuts two-jet cut 

eμ 

WW  1.1 0.74 0.10土0.04
Z → TT 3.7 0.22 0.07土0.02
bb 1.2 0.10 0.04土0.03
Fake 1.2 0.19 0.03土0.03
Total background 7.2 1.25 0.24土0.03

CDF data 5 2 2 

ee，μμ 
WW  0.6 0.43 0.06土0.02
Z → Tア 3.0 0.20 0.06土0.02
bb 1.6 0.12 0.05土0.03
Fake 1.7 0.25 0.04土0.03
Drell-Yan 113 0.28 0.10土0.10
Total background 120 1.28 0.31土0.11

CDF data 120 。 。

Table 7.12: Number of background events expected 21.4 pb--1 and the number of events 

observed in the data. 
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eμ 

ww 
Z → TT 

bb 
Fake 

Total background 

CDF data 

PT > 15 Ge V / c， Isolation， 
and opp.-charge requirement 

1.2土0.4
8.3土0.5

10土2

5.9士1.8

25土3

18 

Table 7.13: N umber of eμbackground events expected in 21.4 pb-1 and the number 

of opposite-charge dilepton events observed in the data after isolation cuts and a PT 

threshold of 15 Ge V / c. 
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Figure 7.1: ISAJET Monte Carlo PT(γ，Z) distribution in three mass region: 30-75 

GeV /c， 75-105 GeV /c and above 105 GeV /c. The distributions are normalized to the 

number oi events inside the Z mass region. 
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Figure 7.2: PT(γ，Z) distribution frorn data in three rnass r<<~gion: 30・75GeV /c， 75-105 
GeV /c and above 105 GeV /c. The distributions are 1問rnali~lled to the nurnber of events 

inside the Z rnass region. 
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d) Dilepton azimuthal angular separation. 
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Chapter 8 

Discussion 

In the last three chapters， we have exploited the selection cuts to improve the signal to 

bacground separation. By imposing these cuts on a data sample of an integrated lumi-

nosity of 21.4 pb-1， we have found two eμevents. Our background study in Chapter 7 

showed that the expected dilepton background is 0.56土 0.14.In this section we discuss 

our results in some detail and also set the lower bound on the top quark mass. 

8.1 Top quark search in the higher mass region 

We performed a search for the top quark in the high mass region above 120 Ge V / c2 

by requiring the presence of two jets with observed ET > 10 Ge V. We found two eμ 

candidate events with an expected number of background of 0.56土 0.14events. 

Table 8.2 summarizes the acceptance of the dilepton analysis and the expected num-

ber of events in the signal region as a function of the top mass. To compute the expected 

number of events， we used the theoretical central values with the next-tか next-leading

order calculation. The uncertainties are the sum in quadratUlre of the statistical uncer-

tainty on the number of observed events， the systematic uncertainty on the acceptance 

(a function of top ma吋， and the uncertainty on the luminosity (10%) 

We see the excess of events over expected backgrounds. Estimation of the probab出ty
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that the expected background has fiuctuated up to the numloer of candidate events seen 

or greater is 10.9 %. This is evaluated using Poisson statistics convoluted with a Gaussian 

smea.ring of the mean number of backgrounds expected. 
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Table 8.1: Theoretical prediction of tt cross section from Ref [26]. Efficiency x branching 

ratio and expected number of events in 21.4 pb-1， as a funct，ion of top mass. 

8.2 Low mass top search and limits on tt produc-

tion 

In a previous publication [7]， based on a data sample of 4.1 pb-1 collected by cnF in 

1988ω， we reported a lower bound of 85 Ge V j c2 on Mt叩 fromthe dilepton channel 

alone. When combined with the results from the lepton + je:ts， where the b was tagged 

through its semileptonic decay into muons， we obtained an inlproved limit of 91 Ge V j c2 

at the 95 % confidence level. In the dilepton search with the two-jet cut， we concentrate 

on top mass above 120 GeV jc2 where the event selection is reasonably efficient. This 

leaves a hole between our previously published mass limit of 91 GeV jc2 and 120 GeV jc2
• 

In this section we describe a search for the top quark in this r，elatively lower mass region 

and we extract a new lower bound on the top mass using the 21.4 pb-1 data sample from 

the 1992・93run and the 4.1 pb-1 from the 1988-89 run. First of all， it should be noted 

that for top masses close to the previous lower limit of 91 GeV jc2， the b quarks are 

produced near our jet ET threshold， and hence most tt dilepton events will not have two 

observable jets above 10 GeV in the calorimeter. For a searc:h in this low mass region， 

we remove the the two-jet requirement. 
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The search without the twかjetcut results in two candidate events passing our tt 

selection criteria. These two events are the same as those pllL8sed the two-jet cut. With 

two events detected we can place upper limits on the tt production cross section， using 

the theoretica.l ca.lculation for this cross section. We can山 oderive a limit on the top 

quark mass. 

The 95%-confidence level (C.L.) upper limits on the croωsection is given by 

σliく Ntop

“、 f乙dtat叩
(8.1) 

where Nt叩 isthe 95%-C.L. upper limit on the number of eJC:pected events， and J 乙dtis 

the integrated luminosity of the experiment， and at叩 isthe acceptance of our ana.lysis 

to tt events， normalized to assumed branching ratio. Since ，atop varies slightly with the 

top mass， the limit on σtt will also be a a function of the top mass. 

The systematic uncertainties in αt叩 andJ 乙dt，which we discussed in Section 6.8， 

were listed in Table 6.14. The total uncertainty for the number of events predicted in data 

is estimated to be 13 % without the two-jet requirement. This systematic uncerta.inty is 

used as the standard deviation of a Gaussian distribution convoluted with the Poisson 

statistical probability. The resu1ting distribution is used to obta.in the 95%-C.L. upper 

limit on the number of events expected as a function of the top mass. (The method we 

used to take uncertainties into account is explained in Aappendix 9). Given that two 

events were observed and without the subtracting the backgrounds， we find an upper 

limit of Ntop=6.54. (If ignoring the effects of syetematic uncertainties， 6.30 would be 

hold.) The 95%-C.L. upper limit on is 33 pb for Mt叩 =120GeV /c2
• 

U sing the theoretical predictions for σtt the limits on the cross section can be trans-

lated into a lower limit on the mass of the top quark. Figure 8.1 shows the upper 

limits on the tf cross section as a function of the top mass together with the theoretical 

calculation of the cross section from Reference [26]. 

To set a lower limit on the top mass， we find the point a~t which the σtc-limit curve 

crosses crosses the lower (more conservatively) bound of the theoretical prediction. A t 
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95% C.L. we obtain Mt叩>116 Ge V / c2， based on the a.na.lysis using a data s&m  ple from 

1992-93 collider run a.lone. 

We a.lso combine the 1988-89 data sa.mple with 1992・9:Jdata sample. By adding in 

the 1988・89data， the integrated luminosity becomes 25.5 pb-1， the number of events 

observed remains 2， which is the sa.me events found in this &Ila.lysis using the 1992・93data 

sa.mple. One eψμeve凶n凶ts山i泊ntωhepr附 10U凶s組 叫y戸討sis[7] f.司lμf回d山1st恥heDlUS泊SSID

tωo the eψμchannel in the 199ω2-9ω3 &na叫1ys白i泊otωor陀ed仇ucαebackgrounds expected in the larger 

luminosity data sample. The expected background becomt::s (2.5土0.5)+ (0.5土0.3)= 

(3.0土0.6)events. To calculate upper limits with the cornbined 1988ωand 1992-93 

data sets， we used the following formula: 

Nupper limit 
σupperljmit一日

-

tt 一 (J[，89 dt ea9 + J [，93 dt f93)・Br
(8.2) 

where ε93 is the acceptance of the 'new' analysis with the 'new' detector， whereas 1s9 

is the acceptance of the 'new' analysis with the 'old' detector. We believe that ~9 

is somew hat larger thanε93， because of the reduced 1993 IIIωn tri邸 eracceptance (the 

1993 muon trigger requires a CMU -CMP coincidence in the ゆregionsw here CMP covero 

CMU). This only affects dimuon events (electron-muon evento come in with the electron 

leg)， so that the difference between the two acceptances should not be more than a few 

%. We made the conservative choice of settingら=ε93;this， slightly increaseo the upper 

limits on the cross section. For each of these upper limits， we have calculated 95%-C.L. 

lower limits on the top mass as the intersection of the experimental upper limit with 

the theoretical lower limit to be Mtop > 120 Ge V / c2
• Thus;， we conclude that the top 

mass region between 91 and 120 GeV /c2 is excluded1
• For comparison with previously 

published results， we use the same theoretical cross section with the next-tか leading

lThe DO Collaboration recently reported the lower bound on the top quark m醐 of131 GeV /c2 at 
the 95%-C.L.， assuming the Standard Model branching企actions.Our limit IIom th泊 analusIaia lower 
than the limit IIom DO measurement， although they used the same method as this analysIa， becauae 
the limit was calculated by combining four decay modes of tt→ ω+ jeto， ee+jet&， e+jet& andμ+jeta 
in theII measurement. 
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order calculation to obtain a lower bound on Mtop of 115 C:eV /c2 • 

Mtop (GeV /c2
) 100 120 140 160 

σtI t -heoru 102 38.9 16.9 8.16 

向。ω・Br(%) 0.68土0.05 0.78土0.06 0.88土0.07 0.93土0.07

Nex戸 ded 14.8 6.5 3.2 1.6 

σtt (pb) at 95%-C.L. 38.3 33.3 29.5 28.2 

Table 8.2: Theoretical prediction of tt cross section from Ref [26]. Efficiency x branching 

ratio and expected number of events in 21.4 pb-1， as a function of top mass. 
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Figure 8.1: The 95-% C.L. on σtt compared with the theoreticallower bound of a next-

to-next-to leading order (NNLO) calculation from Ref. [2s] and the theoretical lower 
bound of a next-to-leading order calculation from Ref. [25] 
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Chapter 9 

Conclusions 

We have carried out a search for the top quark in pp collisions at y'8 = 1.8 TeV using 

the CDF detector at Fermilab. The analysis was based on a data sample of 21.4 pb-1 

coming from the 1992・93collider run. U sing the good electJron and muon identification 

capabilities， we have searched in the high PT dilepton events. 

We have exploited the selection cuts to improve the signal-background ratio for higher 

mass top quark. We have observed two eμevents in data with the total dilepton back-

grounds of 0.56土 0.14.

We have also set the lower bound on the top quark mass to be 120 Ge V / c2 at the 95 

% confidence level. 
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Appendix A 

Calculation of U pper Lir.nits on 

Poisson Processes 

In this appendix we briefl.y present and justify the equations we used to calculate upper 

limits on the tt production cross section. In section A.1 we describe the calculation of 

upper limits in the simplest case， namely when there are no no systematic uncertain-

ties. Next we consider the case where there is background， and in the final section we 

incorporate the effect of systematic uncertainties. 

A.l Upper limits without systematic uncertainties 

If systematic errors are negligible in a counting expeeriments， the results of the counting 

is distributed according to the Poisson distribution: 

μ"n 

P(μ:π) = -=---千
n! 

w here the mean μis the average number of observeed events over a large number of 

experiments. 

Confidence levels for Poisson distributions are usually de:lined in terms of quantities 

called 'upper limits':the C.L. associated with a given uppelr limit N and an observed 
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value no， is the probab出tythat n >冗0・ifthe mean of th dis，tribution isμ=N. In other 

words， ii the mean of the Poisoon distribution is greeater or equal than the upper 1imit 

N， then the probab出tyof observing πo or fewer events islower than or equal to l-C.L.. 

A.2 Upper Limits with systematic uncertainties 

Systematic uncertainties are incorporated with the help of GelLUSsian smearing functions. 

Let σB be the uncertainty on the expected background μB，σ8 the Jト'actionaluncertainty 

on the expected signal μs， and define: 

G(x; jl， u) = A(μ，σ) eヰデ2 (A.l) 

where A is a normalization factor: 

A(μ)  10
00 

G( X; jl，σ)dx 1 (A.2) 

It is important to realize that this normalization condition de五nesA as a function ofμ 

and σ. Upper limits are obtained by solving the following equation for N: 

1 -CL = 10
00 

PJJ(n) G(X; jl，σ) dx (A.3) 
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